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Preface 


This  volume  contains  the  contributions  presented  at  the 
Fourth  European  Workshop  on  Bacterial  Protein  Toxins,  which 
was  held  at  the  Sogesta  Centre  in  Urbino  (Italy),  from  July 
3rd  to  July  6th  1989.  The  European  Workshop  on  Bacterial 
Protein  Toxins,  previously  held  in  Seillac  (France)  in 
1983,  and  then  in  Weplon  (Belgium)  and  in  Ueberlingen 
(Federal  Republic  of  Germany)  in  1985  and  1987, 
respectively,  is  now  an  established  event,  where  the 
progress  made  in  the  field  of  bacterial  toxinology  is 
presented  and  discussed.  The  meetings  are  organized  every 
two  years,  each  time  in  a  different  European  country,  by  an 
organizing  committee  composed  of  experts  in  the  different 
disciplines.  Although  the  main  purpose  of  these  workshops 
is  to  bring  together  the  European  scientists  working  on 
bacterial  protein  toxins  and  to  provide  young  European 
scientists  an  opportunity  to  discuss  their  work,  the 
interest  in  the  meeting  of  non  Europeans  has  grown 
exponentially.  This  confirms  the  good  quality  of  the 
meetings  and  encourages  us  to  do  our  best  in  keeping 
successful  the  next  workshops  which  will  be  organized  by  B. 
Witholt  (The  Netherlands)  in  1991  and  by  J.  Freer  (United 
Kingdom)  in  1993. 

The  Fourth  European  Workshop  on  Bacterial  Protein  Toxins 
covered  the  following  topics: 

Molecular  Architecture  of  Toxins,  Toxin  Binding  and 
Internalization,  Mechanisms  of  Cell  intoxication, 
Regulation  of  Toxin  Expression,  Toxins  as  Virulence 
Factors,  Interaction  of  Toxins  with  the  Immune  System, 
Application  of  Toxins. 

The  wide  variety  of  topics  discussed  reflects  the 
multidisciplinary  nature  of  bacterial  toxinology.  The 
session  on  the  Interaction  of  toxins  with  the  immune 
system,  introduced  for  the  first  time  at  this  meeting, 
reflects  both  the  growing  interest  in  bacterial  toxins  of 
immunologists,  who  have  discovered  that  seme  of  the  toxins 
are  "superantigens",  and  on  the  other  hand  the  interest 
of  toxinologists  in  the  mechanism  of  cell-mediated  immunity 
against  toxins. 

This  book  is  dedicated  to  Tsuyoshi  Uchida,  who  died  few 
weeks  before  the  meeting  where  he  was  due  to  participate  as 
a  speaker. 

The  organizers  of  the  Fourth  European  Workshop  on  Bacterial 
Protein  Toxins  1989  wish  to  acknowledge  the  financial 
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TsuyoshI  Uchida:  1937-1989 

A.M.  Pappenheimer,  Jr. 

Oepariment  of  Cellular  and  Developmental  Biology.  Harvard  University,  Cambridge,  MA 


Tsuyoshi  Uchida  died  on  May  3d  of  this  year  in  the  53d  year  of  his  age.  He  had 
many  friends  and  admirers  among  those  of  us  who  are  gathered  here.  His 
contributions  to  our  field  were  many  and  almost  all  of  them  bore  his  own  special 
stamp  of  originality  and  thoroughness.  I  first  met  Tsuyoshi  in  Dr.  Masahiko 
Yoneda’s  laboratory  in  Osaka  during  the  summer  of  1967,  just  before  a  meeting  on 
microbial  toxins  that  was  held  in  Hakone,  Japan.  Although  Tsuyoshi  spoke  very 
little  English  at  that  time,  he  impressed  me  as  a  person  of  unusual  intelligence  and 
imagination.  I  asked  Yoneda  if  he  thought  Tsuyoshi  might  be  interested  in 
spending  a  year  or  two  in  our  laboratory.  It  took  nearly  three  years  to  obtain  the 
funds  that  brought  him  and  his  family  to  the  United  States.  Within  a  very  short 
time,  he  not  only  had  endeared  himself  to  everyone  in  our  laboratory,  but  he  had 
quickly  proved  that  the  diphtheria  toxin  structural  gene  was  not  a  bacterial  gene  as 
I  had  thought,  but  was  located  on  the  6-phage  genome.  His  isolation  of  CRM 
mutants  of  the  toxin  gene  opened  up  the  path  leading  to  understanding  the 
molecular  genetics  of  the  toxin  molecule,  its  structure-function  relationships  and 
its  regulation. 

After  returning  to  Japan,  he  soon  established  himself  as  a  leader  in  field  of 
microbial  toxins.  He  developed  an  elegant  method  for  introducing  a  known 
amount  of  a  given  protein  into  mammalian  cells  by  first  encapsulating  them 
within  red  cell  ghosts  which  were  then  fused  with  the  target  cell  in  the  presence  of 
Sendai  virus.  In  this  way  he  showed  that  a  single  molecule  of  fragment  A  of 
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diphtheria  toxin  sufficed  to  kill  a  mammalian  cell  even  of  a  species  such  as  the 
mouse  that  is  resistant  to  the  toxin.  He  showed  that  the  method  could  be  used  to 
assay  the  stability  of  a  variety  of  foreign  proteins  introduced  into  the  cytoplasm  of 
mammalian  cells.  He  produced  antibodies  against  rat  ADP-ribosylated  elongation 
factor  2,  affinity-purified  by  passage  through  a  column  containing  immobilized 
fragment  A.  The  antibody  precipitated  ADPR-EF-2  from  species  as  diverse  as 
mouse,  yeast,  wheat  germ  and  man.  He  then  proceeded  to  clone  and  sequence  the 
hamster  EF-2  gene,  and  demonstrated  its  homology  with  other  G-proteins  and  with 
bacterial  EF-G.  Recently,  his  group  has  identified  a  14.5  kD  Vero  cell 
membrane-protein  as  the  diphtheria  toxin  receptor  and  showed  that  the  toxin 
molecule  also  binds  to  a  non-protein  cell  surface  component.  Both  surface 
components  appear  to  be  involved  in  transport  of  toxin  across  the  cell  membrane. 
Finally,  in  an  elegant  paper  that  appeared  in  Science  only  a  few  months  ago,  it  was 
shown  that  antil^ies  to  a  simple  synthetic  peptide  can  inhibit  transport  of  nuclear 
proteins  into  the  nucleus  of  mammalian  cells.  These  are  but  a  few  of  the  many 
exciting  findings  that  have  come  out  of  Tsuyoshi’s  laboratory  over  the  past  fifteen 
years. 

Tsuyoshi  Uchida  had  many  affectionate  friends  and  admirers  throughout  the 
world.  He  set  an  example  to  his  students  by  continuing  to  work  at  the  bench 
among  them  until  almost  the  end.  He  took  a  personal  interest  in  all  those  that 
worked  with  him  and  he  was  a  generous  man.  No  wonder  that  they  loved  him. 

He  will  be  sorely  missed  by  all  of  us,  both  as  a  person  and  as  a  leader  in  our  field.  It 
is  a  fitting  tribute,  that  the  published  proceedings  of  this  meeting  be  dedicated  to  his 
memory. 
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During  the  past  few  years,  there  has  been  a  gcxxi  deal  of  Interest  in  proteins 
produced  by  bacteria  under  conditions  of  "stress".  Of  particular  interest  have 
been  proteins  that  are  only  produced  when  the  iron  concentration  in  the  culture 
medium  becomes  limiting.  Most  of  these  stress  proteins  are  located  in  the  outer 
bacterial  membrane  and  have  not  only  been  shown  to  be  involved  in  iron 
transport  into  the  cell,  but  also  may  serve  as  receptors  for  bacteriocins  and 
bacteriophages.  In  many  bacterial  species  their  biosynthesis  is  regulated  by  the 
product  of  the  highly  conserved  fur  gene.  In  the  case  of  pathogenic  bacteria,  they 
are  frequently  involved  in  virulence.  -  -  -  - -  ‘  > 

The  first  "stress"  protein  of  this  type  that  I  encountered  was  diphtheria  toxin, 
some  55  years  ago.  What  I  wish  to  do  this  morning  is  to  tell  you  about  that 
encounter,  to  mention  briefly  some  of  the  erroneous  but  sometimes  rather 
interesting  speculations  it  led  to  and  finally  review  some  of  the  recent  wr  k,  from 
other  laboratories,  that  has  answered  questions  that  puzzled  us  a  long  time  ago. 

In  1935,  when  I  began  working  with  the  diphtheria  bacillus  and  its  toxin,  the 
field  of  intermediary  metabolism  was  beginning  to  op>en  up.  The  ubiquity  of 
biochemistry  was  being  realized  for  the  first  time.  The  fact  that  bacteria  needed  the 
same  vitamins  and  amino  acids  as  eucaryotes  and  used  them  for  biosynthesis  of 
enzymes  with  functions  similar  to  those  present  in  the  cells  of  liigher  animals  had 
at  last  become  recognized.  In  1935,  most  pathogenic  bacteria  were  thought  to 
require  complex  media  for  their  growth  containing  large  amounts  of  proteiJis  or 
their  breakdown  products.  Methods  for  purification  of  biologically  active  proteins 
were  primitive  and  laborious.  It  seemed  to  me  that  if  one  could  grow  the  bacteria 
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on  a  simple  medium  containing  only  components  of  low  molecular  weight, 
purification  of  a  secreted  protein  toxin  would  become  relatively  easy.  J.  Howard 
Mueller  suggested  that  I  try  to  isolate  diphtheria  toxin,  since  he  had  succeeded  in 
working  out  conditions  for  massive  growth  of  the  diphtheria  bacillus  on  a 
medium  of  known  composition  except  for  traces  of  unknown  growth  factors 
present  in  yeast  extract. 

I  had  no  difficulty  obtaining  heavy  growth  of  the  diphtheria  bacillus  on 
Mueller's  medium.  The  trouble  was  that  only  traces  of  toxin  were  produced.  For 
many  weeks  I  vainly  searched  for  something  containing  a  "toxin-forming  factor" 
and  Anally  decided  to  try  adding  partially  purified  toxin  itself  (made  on  peptone 
medium  of  course)  to  the  medium.  Then  I  had  a  stroke  of  luck.  Since  all  the 
Pyrex  Fernbach  flasks  in  the  laboratory  happened  to  be  in  use,  it  was  necessary  to 
grow  the  bacteria  in  some  soft  glass  FernbaAs  stored  in  the  attic.  When  the  toxin 
was  finally  harvested,  the  yield  was  more  than  twice  as  high  as  that  routinely 
prepared  in  Pyrex.  When  powdered  glass  from  one  of  these  soft  glass  flasks  was 
titrated  in  Pyrex  only  about  O.Smg  of  glass  added  to  25ml  peptone  medium 
increased  the  yield  of  toxin  significantly,  but  addition  of  5-lOmgs  inhibited  the 
production  of  toxin  almost  completely.  There  was  no  effect  on  bacterial  growth. 

I  The  effect  of  soft  glass  could  be  mimicked  by  addition  of  ferrous  salts.  A  mere 
1  O.lug/ml  of  Fe  stimulated  toxin  production  whereas  0.5ug/ml  caused  almost 
I  complete  inhibition.  When  iron  was  added  in  the  form  of  heme  or  crystalline 
hemoglobin,  less  than  1  nanogram /ml  increased  toxin  production  significantly, 

!  but  even  relatively  large  amounts  of  hemin  failed  to  inhibit.  The  significance  of 
these  latter  observations  was  not  realized  at  the  time.  All  that  remained  then  was 
i  to  show  that  removal  of  excess  free  iron  from  Mueller’s  medium  enabled  one  to 
obtain  high  yields  of  toxin  in  a  peptone-free  medium  and  isolation  of  highly 
purified  toxin  became  an  easy  matter  (21).  It  turned  out  that  we  were  not  the  first 
to  observe  the  inhibitory  effect  of  iron  on  toxin  production  (11, 24, 28),  but  we 
apparently  were  the  first  to  recognize  its  prime  importance. 

"  V  Further  study  showed  that  toxin  is  synthesiz^  de  novo  and  is  secreted 
during  the  terminal  stages  of  linear  growth  only  after  the  iron  content  of  the 
,  medium  has  become  exhausted.  In  contrast  to  most  wild  type  diphtherial  strains, 
e.g.  C7(C),  which  depend  on  a  classical  cytochrome  system  for  their  growth,  the 
^high  toxin-producing  Park-Williams  #8  strain  is  able  to  increase  5-6  fold  in  mass, 
at  a  linear  rate,  while  its  contents  of  iron  and  of  iron  enzymes  decrease  to  15-20% 
of  their  normal  value.  PW#8  contains  a  defective  cytochrome  system  and  all  its 
NAI>linked  metabolicelectron  transport  passes  through  flavoproiein  as  terminal 
oxidase.  In  contrast  to  C7, 02-uptake  and  growth  rate  are  dire^y  proportional  to 
the  partial  pressure  of  oxygen  and  during  the  final  stage  of  growth, 
coproporphyrin  and  toxin  are  secreted  into  the  medium  in  direct  proportion  to  the 
drop  in  cellular  iron  content.  In  the  PW#8  strain,  succinate  is  the  only  known 
substrate  that  passes  through  an  autoxidizable  cytochrome  558mu  as  terminal 
oxidase.  Some  of  the  differences  between  the  C7  and  PW#8  strains  are 
summarized  in  Table  1  (18, 20). 
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Table  1 

C.  diphtheriae  Strains  P.W.#8  and  C7fB)  compared. 


Property  P.W.  #8  C7(B) 


Generation  time,  35°C 
Major  cytochrome  bands  -196C 
Catalase  (Kat.F.)  +  Fe 

-Fe 

Succinate  oxidation  (QO2)  +  Fe 

-Fe 

NADH  oxidase  +  Fe 

alcohol  dehydrogenase  +  Fe 

phage  yield  after  U.V./10®  bacteria 
burst  size 
corynebactin 

8-phage  particles  adsorbed/bacterium 
toxin  yield  ug/mg  dry  wt.  bacteria  -  Fe 


150  min. 

SO  min. 

558mp 

600, 562, 549mp 

80 

20 

15 

NO 

16-20 

90-100 

3-5 

NO 

10-15 

80-90 

40 

150 

ca.  5 

ca.  109 

1-2 

30-50 

- 

4- 

0 

ca.250 

10-12 

1.5-2 

These  striking  apparent  relationships  between  iron  metabolism  and  toxin 
production  led  us  to  speculate  that  diphtheria  toxin  might  be  the  protein  moiety  of  a 
bacterial  cytochrome  and  might  act  on  sensitive  mammalian  cells  by  interfering 
with  their  oxidative  metabolism  or  perhaps  by  blocking  biosynthesis  of  an  essential 
cytochrome.  With  Carroll  Williams,  we  soon  obtained  circumstantial  evidence 
that  seemed  to  favor  the  latter  hypothesis.  Williams  had  found  that  adult 
development  of  the  satumid  moth,  Platysamia  cecrop’a,  was  associated  with  a 
massive  synthesis  of  cytochromes,  not  present  during  insect  diapause.  Together,  we 
found  that  small  amounts  of  diphtheria  toxin  blocked  adult  development  and 
cytochrome  biosynthesis  within  a  few  hours  although  the  animals  survived  many 
days.  If  kept  in  a  humid  atmosphere,  diapausing  pupae  survived  almost 
indefinitely  (22).  Of  course  we  now  know  that  all  protein  synthesis  (6,19),  not  only 
cytochrome  biosynthesis,  is  blocked  by  the  toxin  which  inactivates  eucaryotic 
elongation  factor  2  by  ADP-ribosylation  of  a  modifi3d  histidine  residue  - 
diphthamideOO). 

Diphtheria  toxin  is  apparently  an  outer  membrane  protein  from  which  a  short 
leader  sequence  is  split  off  upon  secretion.  This  was  first  suggested  nearly  25  years 
ago  by  the  elegant  experiments  of  Hirai  et  al  (10)  who  showed  that  when  PW#8  cells 
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are  suspended  in  an  Iron-free  medium  In  which  succinate  is  the  sole  energy  source, 
only  membrane  proteins  are  synthesized.  Toxin  constitutt*s  about  35%  of  the  total 
newly  synthesiz^  protein  and  close  to  100%  of  all  the  secreted  protein.  Under 
these  conditions  high  yields  of  internally  labelled  toxin  may  easily  be  prepared.  For 
example,  the  toxin  molecule  contains  8  methionine  residues  equally  distributed 
between  fragments  A  and  B.  On  the  other  hand,  of  the  16  histidine  residues,  ail  but 
one  are  on  fragment  B.  Thus  it  has  not  been  difficult  to  obtain  highly  purified 
toxin  doubly  or  singly  labelled  with  ^Ss-methionine  and/or  ^H-histidine.  I  would 
like  to  suggest  that  such  labelled  toxin  molecules  could  prove  useful  in  studying  the 
internalization  of  toxin  by  sensitive  mammalian  cells. 

Diphtheria  toxin  is  not  the  only  bacterial  toxin  whose  bimynthesis  requires 
iron  starvation.  The  same  is  true  for  tetanus  toxin  (15)  and  for  Shigella  dysenteriae 
toxin  (9).  Until  the  last  few  years,  however,  virtually  nothing  was  known  alxiut  the 
genes  involved  and  about  the  control  of  proteins  whose  biosynthesis  was  regulated 
by  iron.  In  the  interim  of  about  thirty  years,  however,  a  good  deal  was  learned 


Table  2 

Bacterial  ‘’stress*’  proteins  reiated  to  virulence  induced  by  Fe  starvation 


Diphtheria  toxin 

1936 

(21) 

Tetanus  toxin 

1943 

(15) 

Shiga  toxin 

1946 

(9) 

Pseudomonas  A  toxin,  elastase,  afcaline  protease 

1979 

(3) 

Yersinia  proteins  related  to  virulence 

1987 

(5) 

Serratia  marcescens  hemolysin 

1988 

(23) 

Actinobacillus  (Haemophilus)  pleuroneumoniae 

1989 

(8) 

Vibrio  parahemolyticus 

1989 

(12) 

Vibrio  cholerae  hemolysin 

1988 

(27) 

about  the  biochemistry  of  iron  transport,  iron-binding  proteins  and  the  structure  of 
siderophores,  low  molecular  weight  molecules  with  high  affinity  for  ferric  ions.  For 
reviews  see  (2,7,31),  In  1974,  Jack  Murphy  showed  that  E.  coli  extracts,  programmed 
with  DNA  synthesized  toxin  in  vitro  and  that  its  synthesis  was  not  inhibited  by 
iron  unless  a  small  amount  of  C7(-)  extract  was  added  (16).  This  was  in  keeping 
with  earlier  suggestions  that  although  the  tox  structural  gene  is  carried  by  a  G-phage 
gene,  its  expression  is  controlled  by  a  host  bacterial  protein.  Murphy's  group  went 
on  to  show  that  repression  of  {jbx  gene  expression  takes  place  at  the  level  of 
transcription  and  provided  evidence  that  the  repressor  is  a  bacterial  protein  which, 
in  the  presence  of  iron  as  a  corepressor,  binds  to  the  tox  operon  in  the  promoter 
region.  The  repressor  is  released  from  the  promotor  region  of  the  iox  operon  when 
iron  becomes  limiting  (17). 
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Table  3 

Some  Fe>regulated  receptor  proteins 
Bacterial  Membrane 


Organism 

Siderophore 

Gene 

Receptor 

E.  coli 

ferrichrome 

phages  Ti.  T2,  Ts,  &  80 

n 

fhuA 

colicin  M 

E.  coli 

enterobactin 

feb,  ebr 

colicin  B 

N 

m 

cir 

colicin  1,  V 

M 

m 

sit 

phage 

Enter,  cloaca 

aerobactin 

cloacin 

C.  diphtheriae 

corynebactin 

tox 

8-  phage  ? 

V.  anguillarum 

anguibactin 

receptor  OM 

In  biological  fluids,  the  concentration  of  inorganic  iron,  Fe’^"*’’*’,  is  vanishingly 
small,  <10'^8  M.  The  concentration  of  iron  in  most  aerobic  bacteria  is  between 
and  lO'^M.  In  order  to  multiply  in  body  fluids,  therefore,  pathogenic  bacteria  must 
either  find  a  way  to  extract  iron  from  iron-binding  proteins  involved  in  transport  to 
host  tissue  cells,  or  must  turn  on  genes  that  produce  toxic  proteins  that  damage  cells 
and  cause  them  to  release  iron  in  a  utilizable  form.  During  the  last  few  years  a 
number  of  pathogens  have  been  shown  to  utilize  one  or  the  other  of  these  methods. 
For  example.  Neisseria  meningitis  synthesize  some  2900  surface  receptors  per  cell, 
specific  for  human  transferrin,  from  which  they  can  extract  the  iron  which  they 
require  for  growth  (29).  In  a  similar  way,  several  other  pathogenic  sp>ecies  are  able  to 
scavenge  Fe  from  lactoferrin  for  which  they  possess  specific  receptors.  Neisseria 
gonorrhoeae  can  utilize  iron  from  both  transferrin  and  lactoferrin(13). 

Iron  transport  into  most  bacterial  sjjecies,  however,  is  mediated  by 
siderophores.  £.  coli,  for  example,  synthesizes  no  fewer  than  five  chemically 
distinct  siderophores,  each  of  which  binds  to  a  different  outer  or  cytoplasmic 
membrane  receptor.  About  30  genes  are  involved  in  the  ron  transport  sytem  of  E. 
coli  all  of  which  respond  to  regulation  by  the  fur  gene.  It  his  been  suggested  that 
the  17  kd  histidine-rich  Fur  protein  is  a  repressor  that  binds  ferrous  iron  as  a 
corepressor  (1),  as  had  previously  been  suggested  by  Murphy  et  al  (17)  to  explain  the 
inhibition  of  diphtheria  toxin  production  by  iron.  It  is  important  to  note  that  in 
pathogenic  bacteria,  the  genes  that  code  for  Fur  or  Fur-like  repressor  proteins  (4)  arc 
present  on  the  bacterial  chromosome,  but  the  Fe-regulated  genes  that  they  repress 
are  usually  located  on  mobile  elements  such  as  plasmids,  bacteriocins  or  temperate 
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bacteriophages  (see  Tables  3  and  4).  The  fur  genes,  of  course,  also  control  the 
expression  of  genes  involved  in  the  bacterial  biosynthesis  of  siderophores.  Proteins 
similar  to  the  Fur  protein  have  now  been  found  in  a  number  of  other  bacterial 
species  including  C.  diphtheriae  (25)  and  have  been  shown  to  bind  to  conserved 
nucleotide  sequences  in  the  promotor  regions  of  iron-regulated  genes  (see  Table  4). 


Table  4 

Some  Fur  binding  sites 


Species 

Gene 

Nucleotide  sequence 

E.  coli 

Consensus 

GATAATGAT  A  ATCATTATC 

fur 

CTATAATGA  A  TACGCATTATCT 

sit  A 

BSMTAIGAI T  AlgAimgA 

C.  diphtheriae 

tox 

TTATAATTAGG  A  TAGCTTTACCTAATTAT 

S.  marcescens 

shl 

GATAATGAT  A  ATTTCCCCC 

Russell  et  al  (25)  have  recently  demonstrated  and  partially  purified  a 
siderophore  from  the  C7  strain  of  C.  diphtheriae  which  they  have  named 
corynebactin.  They  have  shown  that  the  PW#8  strain  does  not  produce 
corynebactin  and  suggest  that  this  defect  "may  be  an  important  factor  in  determining 
its  capacity  to  make  large  amounts  of  toxin"  (26).  However,  as  we  have  already 
pointed  out  (see  Table  1)  PW#8  differs  from  C7  in  that  even  after  all  the  external  Fe 
supply  has  been  exhausted,  it  continues  growth  and  synthesize  protein  until  its 
cellular  Fe  content  has  decreased  more  than  5-fold.  It  seems  highly  probable, 
therefore,  that  the  diphtheria  bacillus,  like  E.  coli  produces  several  siderophores  (see 
Table  3).  Moreover,  as  seen  from  Table  3,  most  siderophores  have  a  dual  function. 
When  bound  to  the  cell  surface,  they  become  become  receptor  sites  for 
bacteriophages  or  bacteriocins.  It  was  shown  some  25  years  ago  that  whereas  C7  is 
capable  of  binding  some  250  fi  phages  per  bacterial  cell,  PW#8  binds  none  (14),  even 
though  its  prophage  carries  the  tox  gene  and  when  induced  is  almost 
indistinguishable  from  B  both  morphologically  and  by  its  DNA  sequence.  It  is 
tempting  to  predict  that  the  corynebactin  membrane  binding  site  will  prove  to  be  the 
entry  site  for  fi-phage. 
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can  stimulate  diphtheria  toxin  production,  even  high  concentrations  of  iron  in  this 
form  do  not  repress  its  biosynthesis(21).  Very  recently,  Stoebner  and  Pa)me  (27) 
have  shown  that  V.  cholerae  can  use  heme  and  hemoglobin  as  sole  sources  of  Fe 
and  produce  hemolysin.  As  they  point  out,  since  the  Fe'*"*'*  concentration  in  body 
fluids  is  vanishingly  small,  any  bacterial  product  capable  of  cytotoxic  action  causing 
release  of  heme-containing  proteins  will  be  advantageous  to  an  invading  organism. 
Indeed  most  invasive  bacteria  do  produce  hemolysins  and  cytotoxins  as  outer 
membrane  proteins  under  conditions  of  iron  starvation. 

In  conclusion,  it  seems  to  me  that  the  work  of  the  last  few  years  suggests  that  in 
order  to  survive  in  host  tissues,  a  bacterium  must  learn  how  provide  itself  with  the 
iron  required  for  its  growth.  Only  then  can  it  multiply  and  invade. 
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INTRODUCTION 

Diphtheria  toxin  (DT,  Mr  =  58,342)  kills  mammalian 
cells  by  inhibiting  protein  synthesis.  Delivery  of  the 
toxin's  enzymic  moiety  to  the  cytosol  is  achieved  by  a 
process  beginning  with  receptor-mediated  endocytosis.  After 
binding  to  cell  surface  receptors,  the  toxin  is  conveyed  to 
intracellular  acidic  vesicles.  The  low  pH  causes  a 
conformational  change  in  the  toxin  exposing  hydrophobic 
regions  in  fragment  B  (DTB)  leading  to  insertion  of  the 
toxin  into  the  adjacent  membrane.  Subsequently,  fragment  A 
(DTA)  translocates  across  the  endosomal  membrane  and  enters 
the  cytosol,  where  it  catalyzes  the  ADP-ribosylation  of 
elongation  factor-2  (EF-2) . 

The  molecular  mechanisms  responsible  for  DT 
intoxication  are  slowly  being  revealed.  Amino  acids 
participating  in  catalysis  and  receptor  binding  have  been 
identified  (1,5).  Conversely,  residues  involved  in  membrane 
translocation  are  still  unknown.  Iq  vitro  DT  and  DTB  form 
ion-conducting  channels  in  artificial  membranes  at  acidic  pH 
(3,6).  Recent  findings  suggest  that  these  channels  are 
formed  during  toxin  translocation  in  mammalian  cells 
(12,13).  Despite  this  correlation,  a  comprehensive 
understanding  of  the  molecular  mechanisms  involved  in  DT 
channel  formation  and  membrane  translocation  is  lacking. 
Insight  into  these  mechanisms,  and  their  relationship  to  one 
another,  would  be  facilitated  by  studying  toxin  mutants 
deficient  in  pH-dependent  membrane  interaction. 

In  this  report  we  describe  a  system  for  isolating 
mutant  forms  of  DT  that  are  defective  in  membrane 
interaction  at  acidic  pH.  E.  coli  cells  secreting  DT  to  the 
periplasm  are  killed  at  acidic  pH.  (An  enzymically 
attenuated  toxin,  DT-E148S,  was  used  in  these  experiments  to 
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comply  with  NIH  recombinant  DMA  guidelines) .  Utilizing  this 
system  as  a  genetic  selection  we  have  isolated  pH-resistant 
variants  of  DT.  One  of  these  mutants,  CRM503,  appears  to  be 
less  cytotoxic  to  mammalian  cells  due  to  a  defect  in  pH- 
dependent  membrane  translocation. 


MATERIALS  AND  METHODS 

E.  coli  JM103  was  used  in  all  bacterial  studies.  All 
plasmids  are  isogenic  derivatives  of  pBR322  containing  toxin 
sequences  dovmstream  from  the  tac  promoter  (10).  Nitrous 
acid  mutagenesis  was  performed  on  single-stranded  gene 
fragments  of  DTB  cloned  into  M13  (8) .  DNA  sequencing  was  by 
the  dideoxy  nucleotide  method  (14).  Tcxin-related  proteins 
were  purified  by  FPLC  (11).  Experimental  procedures  are 
outlined  in  the  figure  legends,  and  more  specific  details 
have  been  published  elsewhere  (10,11). 


RESULTS 

DT-E148S  is  an  enzymically  attenuated  form  of  DT 
containing  serine  in  place  of  glutamate-148,  a  crucial 
active-site  residue.  DT-E148S  expressed  in  E.  coli  is 
secreted  to  the  periplasm.  When  exposed  to  a  low  pH,  in  the 
presence  of  a  lipid  bilayer,  DT  inserts  into  the  bilayer  and 
forms  ion-conducting  channels  (3,6).  This  suggested  that 
DT-E148S  in  the  periplasm  might  insert  into  the  bacterial 
membrane,  and  adversely  affect  the  cell,  if  the  periplasmic 
space  were  acidified.  To  investigate  this  possibility,  we 
took  E.  coli  producing  DT-E148S  and  plated  them  on  acidic 
agar  plates.  The  results  in  Figure  1  showed  that  cells 
synthesizing  DT-E148S  were  killed  in  a  pH-dependent  manner; 
approximately  1  in  10^  cells  survives  at  pH  5.  Cells 
producing  DTA-E148S  were  unaffected  at  any  pH,  demonstrating 
that  amino  acid  sequences  in  DTB  are  responsible  for  the 
acid-induced  death. 

The  F2  protein  is  similar  to  CRM45,  a  chain  termination 
mutant  of  DT  that  retains  a  substantial  portion  of  the 
toxins  hydrophobic  sequences  and  forms  channels  in 
artificial  bilayers  at  acidic  pH  (6).  Cells  producing  F2- 
E148S  also  showed  a  marked  decrease  in  viability  at  pH  5  but 
were  unaffected  at  higher  pH  values.  F2-E148S  is  produced 
at  a  level  approximately  100-fold  lower  than  that  of  DT- 
E148S,  which  may  account  for  the  increased  viability  of 
these  bacteria  at  moderately  acidic  pH.  Cells  producing 
wild-type  F2  (E148)  showed  an  identical  loss  of  viability  to 
that  seen  with  F2-E148S,  demonstrating  that  the  serine 
substitution  at  the  active  site  does  not  play  a  role  in 
death  of  E.  coli  under  acidic  conditions. 

To  determine  why  DT-E148S  producing  cells  were  dying 
at  low  pH  we  examined  the  physiological  consequences  of 
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Figure  1.  Bacterial  viability  at  different  pH. 
Exponentially  growing  E.  coli,  containing  plasmids,  were 
plated  on  L-agar  at  different  pH.  The  next  day  viability 
was  assessed  and  expressed  relative  to  cells  plated  at  pH 
7.5.  Plasmids  and  the  proteins  they  encode  are  as  follows: 
O,  pDOl  (DT-Ei48S)  ;  Q,  pD03  (DTA-E148S)  ;  A,  ptacF2-E148S 
(F2-E148S) . 


exposing  these  cells  and  cells  producing  DTA-E148S  to  acidic 
pH.  We  found  that  cells  synthesizing  DT-E148S  lost  their 
membrane  potential,  their  ability  to  retain  intracellular 
^'*Rb  and  their  capacity  to  actively  transport  proline  (10). 

In  each  case,  cells  producing  DTA-E148S  were  unaffected. 

This  demonstrates  that  it  is  sequences  in  DTB  that  are 
responsible  for  the  lethal -membrane  damage  observed  in  E. 
coli  at  acidic  pH.  Sequences  within  DTB  are  known  to 
interact  with  membranes  at  low  pH. 

The  loss  of  viability  at  acidic  pH  of  cells  producing 
DT-E148S  suggested  to  us  that  this  system  could  be  used  as  a 
genetic  selection  for  mutant  toxin  molecules  that  do  not 
interact  with  the  bacterial  membrane  at  acidic  pH.  Gene 
fragments  encoding  regions  of  DTB  were  cloned  into  M13,  and 
the  single-stranded  DNA  was  mutagenized  with  nitrous  acid. 
Mutagenized  restriction  fragments  were  then  cloned  into  the 
wild-type  vector  pDOl,  which  contains  the  gene  encoding  for 
DT-E148S  (10).  The  ligated  DNA  was  used  to  transform  E. 
coli  JM103,  and  the  cells  were  plated  on  acidic  agar  plates. 
In  this  report  we  present  a  partial  characterization  of 
three  of  the  full-length  mutants  we  have  isolated  containing 
amino  acid  substitutions  in  their  B  fragments. 

During  initial  screening  we  observed  that  sur\’iving 
cells  producing  full-length  mutant  toxins  contained  much 
less  DT-immunoreactive  material  in  their  periplasm  (Table 
I) .  Since  cells  producing  F2-E148S  contain  less  toxin- 
related  protein  in  the  periplasm  and  are  more  resistant  to 
acid  treatment  we  speculated  that  the  cells  producing  mutant 
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TABLE  I 

Decreased  periplasmic  levels  of  toxin  mutants  contribute 
to  E.  coli  survival  at  acidic  pH 

Levels  of  DT-related  Growth  of  E.  coli  producing 
proteins  in  the  DT-related  proteins  after 

periplasm.  an  acidic  pH  pulse. 


Toxin 

-  IPTG 

+  IPTG 

-  IPTG 

+  IPTG 

DT-E148S 

100 

ND 

11 

ND 

CRM501 

2 

140 

100 

26 

CRMS 02 

2 

82 

94 

33 

CRMS 03 

4 

102 

102 

SO 

DTA 

90 

ND 

100 

ND 

Exponentially  growing  cells  (with  or  without  1  mM  IPTG)  were 
harvested  and  resuspended  in  growth  medium.  Aliquots  of 
each  culture  were  adjusted  to  pH  6.1  or  7.0.  After  ten 
minutes,  the  cultures  were  brought  to  pH  8.3,  and  2  h  later 
growth  was  monitored  spectrophotometrically.  Cell  growth 
after  the  acid  pulse  is  expressed  as  a  percentage  of  growth 
following  the  pulse  at  pH  7.  In  lieu  of  the  acid  pulse,  a 
portion  of  the  cells  were  used  to  determine  the  amount  of 
DT-immunoreactive  material  in  periplasmic  extracts  which  is 
expressed  as  fmole  DT/mU  ^-lactamase  activity. 

ND  »  not  determined. 


toxins  may  be  surviving  the  acid  selection  because  of  the 
lower  levels  of  the  mutants  in  the  periplasm.  To  investigate 
this  possibility  we  increased  the  levels  of  the  mutant  toxins 
in  the  periplasm  by  inducing  the  cells  with  1  mM  IPTG. 
Induction  increased  the  amount  of  toxin-related  material  in 
the  periplasm  to  levels  comparable  to  that  found  for 
uninduced  cells  producing  DT-E148S.  Even  with  this  increase, 
the  cells  still  displayed  a  mutant  phenotype  as  judged  by 
inhibition  of  growth  after  an  acid  pulse  relative  to  that 
seen  in  cells  containing  comparable  levels  of  DT-E148S. 

The  amino  acid  changes  in  the  mutant  toxins  were 
determined  from  the  DMA  sequence  of  the  restriction  fragment 
subjected  to  mutagenesis.  All  three  mutant  toxins  contained 
multiple  point  mutations  in  their  fragment  B  moieties. 

CRM501  had  two  changes,  G268E  and  V283A;  CRM502  also 
contained  two  changes,  M230I  and  E232K;  and  CRM503  had  three 
changes,  E349K,  N399D,  and  V443T. 

If  this  genetic  selection  in  E.  coli  selects  toxin 
mutants  defective  in  pH-dependent  membrane  insertion/trans¬ 
location  then  these  mutants  might  be  less  cytotoxic  to 
mammalian  cells.  The  experiment  in  Figure  2  shows  that  only 
CRM503  was  less  cytotoxic  than  DT-E148S  to  BS-C-1  cells  in  a 
24  h  assay.  The  reduced  cytotoxicity  of  this  mutant  could  in 
theory  be  due  to  a  defect  in  either  receptor  binding, 
membrane  translocation  or  catalysis.  We  examined  each  of 
these  functions  to  determine  which  is  defective  in  CRM503. 
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PROTEIN  (M) 

Figure  2.  Inhibition  of  protein  synthesis  by  DT-E148S  and 
mutant  toxins.  BS-C-1  cells  (monkey  fibroblasts)  were 
incubated  with  different  concentrations  of  the  nicked  toxins 
for  24  h.  Protein  synthesis  (incorporation  of  '^H-leucine  into 
acid-insoluble  material)  is  expressed  as  a  percentage  of 
radioactivity  incorporated  into  cells  incubated  without 
toxin.  O,  DT-E148S;  •,  CRM501;  □,  CRM502 ;  and  ■,  CRM5D3. 


ADP-ribosylation  of  EF-2  ic  vitro  was  unaltered  in 
CRM503  as  compared  to  DT-E148S  when  both  toxins  were  nicked 
and  reduced  (data  not  shown)  .  cn^f503  was  also  able  to  block 

the  binding  and  uptake  of  radiolabeled  DT  by  BS-C-1  cells  as 
efficiently  as  DT-E148S  (data  not  shown) .  These  data  suggest 
that  the  reduced  cytotoxicity  of  CRM503  is  not  due  to  either 
a  defect  in  receptor  binding  or  catalysis. 

To  examine  membrane  translocation  by  CRM503  and  DT-E1483 
we  utilized  a  procedure  employed  by  others  (2,9).  Treating 
mammalian  cells  with  NH^Cl  raises  the  pH  in  endocytic  vesicles 
and  blocks  the  translocation  of  DT  across  endosomal 
membranes.  If  toxin-treated  cells,  incubated  in  the  presence 
of  NH^Cl,  are  simultaneously  exposed  to  acidic  culture  medium 
the  low  pH  induces  surface-bound  toxin  to  translocate  across 
the  plasma  membrane.  When  NH^Cl-treated  BS-C-1  cells  were 
incubated  with  either  DT-E148S  or  CRI1503  and  then  exposed  to 
media  at  different  pH,  CRM503  required  a  much  lower  pH  to 
inhibit  protein  synthesis  to  levels  comparable  to  that  of  DT- 
E148S  (figure  3) .  This  result  suggests  that  CRM503  is  less 
cytotoxic  due  to  a  defect  in  a  pH-dependent  step. 


DISCUSSION 


E.  coli  secreting  a  full-length  form  of  DT  into  their 


26  ■  0.0.  O'Keefe  et  al. 


Figure  3.  The  effect  of  acidic  culture  media  on  DT-E148S  and 
CRM503  intoxication.  BS-C-1  cells  were  incubated  in  the 
presence  of  20  mM  NK/Cl  and  1  nM  of  the  nicked  toxins  at  11° C 
for  2  h.  All  subsequent  steps  were  at  37‘’C  and  included  20  mM 
NR/Cl.  This  medium  was  then  exchanged  for  media  at  different 
pH.  After  ten  minutes,  the  cells  were  placed  in  fresh  medium 
at  pH  7.4,  and  protein  synthesis  was  measured  24  h  later. 
Protein  synthesis  is  expressed  as  a  percentage  of  controls 
incubated  in  the  absence  of  toxin.  Protein  synthesis  in 
controls  at  pH  4.0  averaged  98%  of  controls  at  pH  7.4.  o,  DT- 
E148S  and  ■,  CPM503. 


periplasm  were  killed  when  the  bacteria  were  exposed  to  an 
acidic  pH.  Death  was  dependent  on  amino  acid  sequences 
present  in  DTB,  a  region  of  the  toxin  known  to  insert  into 
membranes  at  low  pH.  The  low  pH  caused  depolarization  of  the 
cells,  efflux  of  intracellular  ions  and  loss  of  active 
transport.  These  effects  are  sufficient  cause  for  cell 
death.  Similar  effects  are  seen  when  sensitive  bacteria  are 
treated  with  colicin  El,  and  colicin  El  has  been  shown  to 
form  ion-conducting  channels  in  artificial  membranes.  This 
has  led  to  a  model  whereby  colicin  El  kills  sensitive  E.  coli 
by  forming  channels  in  the  bacterial  inner  membrane  (7) .  We 
suggest  that  a  similar  phenomenon  occurs  when  DT-E148S 
producing  cells  are  exposed  to  an  acidic  pH.  The  low 
extracellular  pH  causes  the  periplasm  to  be  acidified.  This 
leads  to  a  conformational  change  in  the  toxin  inducing  it  to 
insert  into  the  bacterial  inner  membrane.  The  resulting 
disruption  of  the  permeability  barrier  leads  to  cell  death. 

Utilizing  this  system  as  a  genetic  selection  we  isolated 
three  full-length  mutants  containing  amino  acid  changes  in 
their  B  fragments.  All  three  toxin  mutants  were  present  in 
the  periplasm  to  a  lesser  extent  than  DT-E148S.  The  lower 
levels  of  these  mutants  appeared  to  contribute  to  their 
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survival  at  low  pH.  This  was  shown  by  the  ability  of  these 
mutants  to  inhibit  the  growth  of  their  host  E.  coli  after  an 
acid  pulse  when  the  levels  of  the  mutant  toxins  were  made 
comparable  to  that  of  DT-E148S.  Future  selections  can 
incorporate  induction  with  IPTG  to  isolate  more  pH-resistant 
mutar  s. 

One  mutant  toxin,  CRM503,  was  less  cytotoxic  to  BS-C-1 
cells.  The  reduced  cytotoxicty  of  CRM503  was  not  due  to 
either  a  defect  in  catalysis  or  receptor  binding.  When  the 
cytotoxicities  of  CRM503  and  DT-E148S  were  measured  at 
different  pH  in  the  presence  of  NH^Cl  it  was  found  that  a 
lower  pH  was  required  by  CRM503  to  inhibit  protein  synthesis. 
When  toxin-treated  cells  are  exposed  to  media  at  acidic  pH  it 
is  thought  that  this  mimics  conditions  found  in  endosomes. 
This  suggests  that  CRM503  is  less  cytotoxic  because  it  is 
defective  in  pH-dependent  translocation  across  endosonal 
membranes. 

The  fact  that  CRM501  and  CRM502  were  as  cytotoxic  as  DT- 
E148S  to  BS-C-1  cells  suggests  that  the  low  pH  genetic 
selection  is  capable  of  selecting  at  least  two  classes  of 
mutants.  One  class,  consisting  of  CRM503,  is  defective  in 
both  mammalian  cell  membrane  translocation  and  killing  of  E. 
coli  while  the  second  class  is  only  defective  in  killing  of 
E.  coli.  One  difference  between  the  bacterial  and  mammalian 
systems  is  the  presence  of  a  specific  receptor  in  the  latter. 
The  mutations  in  CRM501  and  CRM502  flank  a  region  of  the 
toxin  that  has  been  proposed  by  Falmagne  et  ai  as  a  surface 
lipid-associating  domain  (4).  It  is  possible  that  at  acidic 
pH  DT  first  associates  with  receptorless  membranes  through 
this  region.  This  would  be  an  important  interaction  in  the 
bacterial  periplasm  but  may  not  be  crit..jal  in  a  mammalian 
system  where  specific  receptors  initially  concentrate  the 
toxin  at  the  membrane  surface.  This  is  one  possible 
explanation  for  the  differential  effects  of  CRM501  and  CRM502 
in  bacterial  and  mammalian  systems. 

The  isolation  of  mutant  forms  of  DT  that  are  less 
effective  in  killing  E.  coli  at  acidic  pH  enhances  our 
ability  to  decipher  the  molecular  mechanisms  involved  in  DT 
membrane  insertion/translocation.  It  may  also  be  possible  to 
apply  this  approach  to  other  toxins  that  interact  with 
membranes  at  low  pH,  such  as  Pseudomonas  aeruginosa  exotoxin 
A  and  anthrax  toxin.  Also,  other  conditions,  such  as  ionic 
strength,  may  be  exploited  for  isolating  other  condition- 
dependent  mutants. 
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ABSTRACT 

The  study  of  protein  structure  has  seen  exciting  developments 
in  the  past  few  years,  including  advances  both  in  experimental 
techniques  for  structure  determination  and  in  our  theoretical 
understanding  of  the  principles  of  protein  architecture.  Here  I  shall 
briefly  review  the  general  developments  and  then  treat  two  related 
topics:  (1)  the  prediction  of  protein  structure  from  diaino  acid 
sequence,  and  (2)  conformational  changes  in  proteins. 

1.  Introduction 

For  an  overview  of  the  current  state  of  the  field,  let  us 
follow  the  course  of  a  molecule  as  it  passes  successively  through  a 
number  of  research  projects.  Let  us  suppose  that  the  nucleotide 
sequence  of  a  gene  corresponding  to  a  known  protein  is  determined,  and 
translated  to  an  amino  acid  sequence.  Already  it  is  possible  to 
determine  whether  the  protein  is  closely  related  to  other  known 
proteins,  by  searching  through  the  data  bases  for  similar  sequences. 

It  may  emerge  from  such  a  calculation  that  the  unknown  protein  is 
related  to  another  protein  of  known  function  or  even  of  known 
structure.  This  result  is  occurring  more  and  more  often,  and  when  it 
does  it  provides  very  useful  and  reliable  information  (1). 

Meanwhile,  back  in  the  laboratory,  it  may  be  possible  to  clone 
the  gene  and  produce  the  protein  in  quantity.  Attempts  may  be  made  to 
crystallize  it:  a  process  that  still  depends  to  a  large  extent  on 
trial-and-error ,  but  which  is  usually  successful  eventually.  Crystals 
of  adequate  size  (at  least  about  0.2  mm  in  each  dimension)  and  order 
will  permit  the  measurement  of  the  X-ray  diffraction  pattern,  from 
which  the  structure  could  be  determined.  If  the  protein  is  small 
(less  than  about  125  residues),  new  techniques  of  nuclear  magnetic 
resonance  may  provide  a  structure. 

Once  the  structure  is  known,  it  can  be  analysed  and  interpreted 
by  a  variety  of  computational  technioues,  including  molecular 
graphics.  Most  structures  are  recorded  in  the  data  base  of  solved 
structures  (The  Protein  Data  Bank  at  the  Brookhaven  National 
Laboratory  in  New  York).  These  can  then  be  used  as  the  basis  for 
comparative  studies  of  protein  structure  and  sequence-structure 
relationships,  and  for  design  of  "engineered"  modifications. 
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X-ray  crystal  structure  determination 

The  number  of  proteins  solved  to  atomic  resolution  by  X-ray 
crystalloqraphy  is  increasing  very  quickly;  We  now  know  approximately 
30o  protein  structures.  This  is  the  result  only  in  part  of  the  growth 
in  population  of  protein  crystallographers;  technical  advances  have 
occurred  both  in  data  collection  and  in  computer  analysis  of  the  data 
12). 


Synchrotrons  provide  powerful  sources,  and  area  detectors 
permit  rapid  data  collection.  As  a  result,  the  process  requires  many 

fewer  crystals,  a  crucial  factor  if  material  is  limited.  New 
techniques  based  on  taking  advantage  of  X-rays  of  variable  wavelength 
from  synchrotrons  hold  much  promise  also. 

The  data  derived  from  X-ray  diffraction  measurements  are 
incomplete:  this  gives  rise  to  the  celebrated  "phase  problem"  [3]. 

The  classical  method  of  solving  the  phase  problem  is  to  make 
isomorphous  derivatives;  that  is,  to  introduce  heavy  metals  at 
particular  sites  in  the  protein,  without  changing  the  geometry  of  the 
crystal  packing.  By  comparing  the  diffraction  pattern  of  the  native 
crystal  with  those  of  the  derivatives,  it  is  possible  to  derive 
sufficient  phasing  information  to  get  the  process  of  model-building 
and  refinement  started. 

Computationally,  if  the  protein  is  closely  related  to  one  of 
known  structure,  it  is  possible  to  use  the  known  structure  as  a  model, 
and  to  try  to  position  and  orient  it  in  the  unit  cell  of  the  crystal 
of  the  unknown  structure.  If  the  optimal  fit  can  be  determined,  it 
can  provide  phases  with  which  to  calculate  an  electron  density,  again 
of  sufficient  quality  to  begin  the  process  of  model  building  and 
refinement. 

Once  a  preliminary  model  is  available,  other  computer  programs 
have  demonstrated  great  power  in  refining  it.  The  first  "revolution", 
now  about  15  years  cld,  was  the  substitution  of  molecular  graphics 
programs,  notably  Alwyn  Jones'  FRODO,  for  the  building  of  physical 
models  (4].  The  use  of  computer  graphics  has  been  extended,  still  by 
Jones,  to  make  use  of  more  perspicuous  representations  of  the  electron 
density  (the  shrinking  of  the  three-dimensional  volume  of  density 
within  a  contour  level  to  a  linear  "skeleton"  with  the  same 
connectivity)  and  the  use  of  data  bases  of  well-determined  protein 
structures  to  construct  a  model  based  on  the  the  skeletal 
representation  of  the  electron  density  map  (5). 

The  second  "revolution"  was  the  use  of  molecular  dynamics, 
restrained  by  the  experimental  diffraction  data,  to  explore  the 
conformational  space  in  the  vicinity  of  the  rough  model,  to  seek  the 
best  match  between  the  refined  structure  and  the  measured  diffraction 
pattern.  This  procedure,  implemented  in  several  computer  programs  of 
which  the  best  known  is  Axel  Bruenger's  EXPLORE,  has  greatly  sped  up 
the  process  bringing  a  model  from  the  rough  stage  to  one  that  Is  quite 
close  to  the  correct  structure  [6],  The  result  of  EXPLORE  is  model 
that  must  be  checked  closely  by  the  crystallographer ,  and  generally 
subjected  to  one  of  the  classical  refinement  procedures,  to  produce 
the  final  result.  The  use  of  molecular  dynamics  has  transferred  to 
the  computer  the  job  of  testing  many  modifications  of  the  models  that 
both  fit  the  experimental  data  and  are  also  stereochemically 
reasonable,  which  used  to  take  crystallographers  weeks  or  months  of 
manual  labour. 


Protein  Structure  and  Contormatlonal  Change  31 


Protein  structure  determination  by  Nuclear  Magnetic  Resonance 

For  many  years,  X-ray  crystallography  was  the  only  source  of  detailed 
structural  information  about  macromolecules.  Recent  developments  in 
nuclear  magnetic  resonance  have  permitted  the  determination  of  protein 
structures  directly  in  solution  (7,8).  The  measurements  produce  a  set 
of  distances,  usually  but  not  always  between  protons  in  the  molecule, 
from  which  the  coordinates  have  to  be  deduced.  This  can  be  done 
either  by  molecular  dynamics,  subject  to  restraints  implied  by  the 
distances,  or  by  a  geometrical  process  based  on  the  experimental 
measurements  plus  stereochemistry. 

One  limitation  of  NMR  structure  determination  is  that  it  is 
limited  to  relatively  small  proteins:  the  largest  structure 
determined  by  NMR  was  lysozyme  (128  residues)  [91. 


2.  Prediction  of  protein  structure  from  amino  acid  sequence 

A  frequently-asked  question: 

"Here  is  a  new  sequence.  What  can  I  say  about 
the  structure  and  function  of  the  corresponding 
protein?" 

If  the  unknown  protein  is  related  to  one  of  known  structure, 
inferences  based  on  the  known  structure  and  the  degree  of  the 
relationship  can  provide  the  most  reliable  clues  to  the  nature  of  the 
unknown  protein.  Comparisons  of  proteins  solved  to  high  resolution  by 
X-ray  crystallography  and  well  refined  show  that  there  is  a 
relationship  between  the  deviation  of  the  amino  acid  sequence  and  the 
deviation  of  the  three-dimensional  structure  (10-11).  This 
relationship,  shown  in  Figure  1,  is  common  to  all  families  of  protein 
studied,  and  serves  as  a  guide  to  the  quality  of  model-building  that 
can  be  expected. 

In  Figure  1,  each  point  corresponds  to  the  comparison  of  two 
related  proteins.  For  each  pair,  a  "core"  of  the  structures  retains 
the  same  qualitative  fold;  the  remainder  can  show  very  extensive 
conformational  changes.  For  example,  if  one  compared  from  this  point 
of  view  the  capital  letters  R  and  B,  the  common  core  would  correspond 
to  those  portions  of  the  letters  represented  by  the  letter  P.  Outside 
this  common  core,  R  has  a  diagonal  stroke  and  B  has  a  loop. 

Once  the  common  core  of  each  pair  of  structures  is  found,  the 
sequence  divergence  is  calculated  as  the  fraction  of  identical 
residues  in  the  core  (the  process  of  determining  the  core  ensures  that 
the  same  number  of  residues  are  specified  from  each  structure,  and 
specifies  that  they  are  aligned).  The  measure  of  divergence  of 
structure  is  the  root-mean-square  deviation  of  the  backbone  atoms  of 
the  common  core  residues. 

It  is  clear  from  the  data  that  as  the  sequences  diverge,  the 
structures  diverge.  Moreover,  as  the  sequences  diverge,  the  fraction 
of  residues  in  the  core  —  the  fraction  of  the  structure  that  retains 
the  same  qualititive  fold  —  may  also  decrease  substantially.  For 
sequences  more  closely  related  than  50%  residue  identity,  the  core  is 
observed  to  contain  at  least  95%  of  the  residues,  and  the  refolding  of 
the  remaining  5%  will  involve  only  minor  surface  loops.  But  for  very 
distantly  related  structures,  with  residue  identities  below  20%,  often 
evolution  has  had  (and  has  taken)  the  opportunity  to  alter  far  more  of 
the  structure  —  the  core  can  in  such  cases  amount  to  as  little  as  40% 
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of  the  Structure  or  as  much  as  80-90%  111]. 


rigur*  1.  The  relation  between  divergence  of  amino  acid  sequence  and 
divergence  of  structure  in  homologous  proteins. 

In  comparing  homologous  structures,  it  is  frequently  the  case 
that  a  portion  of  the  structure  retains  the  same  general  fold,  and  the 
rest  changes  its  fold  qualitatively,  and  may  in  the  cases  of  very 
distantly-related  proteins  be  subject  to  such  extensive  insertion  and 
deletion  of  residues  that  it  is  not  even  meaningful  to  try  to  align 
the  amino  acids  sequences  in  these  reoions.  In  order  to  derive  a 
quantitive  relationship  between  the  divergence  of  sequence  and 
structure,  it  was  necessary  to  isolate  the  "common  core”  of  each  pair 
of  proteins  —  the  portion  that  retains  the  same  fold  —  and  to 
measure  the  percent  residue  identity  (abscissa)  and  root-mean-square 
deviation  of  the  mainchain  atoms  (ordinate)  within  the  common  core. 
(See  reference  [10]  and  [11]  for  details.) 
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Let  us  consider  three  representative  points  on  the  curve. 

First,  the  points  at  100%  residue  identity  represent  independent 
structure  determinations  of  the  same  protein.  The  observed 
differences  in  structure  arise  primarily  front  crystal-packing  forces 
—  the  molecules  have  different  environments  in  thi  crystal  and  are 
subjected  to  different  patterns  of  intermolecular  contacts.  The 
average  value  of  root-mean-square  difference  in  atomic  positions  in 
these  pairs  of  structures  is  0.33  A.  The  implication  is  this: 

Protein  conformation  is  determined  primarily  by  amino  acid  sequence, 
but  modified  by  subsidiary  factors,  mainly  crystal-packing  forces  but 
also  the  conditions  of  solvent  and  temperature.  The  value  0,33  A 
estimates  the  magnitude  of  the  effects  of  these  secondary  factors. 
Conformational  changes  in  proteins  will  be  discussed  in  the  next 
section. 

Consider  next  the  pair  of  sulphydryl  proteases  papain  and 
actinidin.  In  this  case  the  core  contains  206  residues  (out  of  a 
total  of  212  in  papain  and  218  in  actinidin).  Thus  the  core  includes 
almost  all  of  either  molecule.  The  residue  identity  is  49%,  and  the 
r.m.s.  deviation  of  the  core  is  0.77  A. 

This  degree  of  homology  —  or  any  closer  relationship  — 
provides  a  useful  basis  for  model  building.  Thus,  suppose  one  had 
determined  the  amino  acid  sequence  of  a  new  sulphydryl  protease  49% 
homologous  to  either  actinidin  or  papain,  and  built  a  model  of  this 
protein  by  taking  the  backbone  of  actinidin  (or  papain,  as  the  case 
may  be)  and  replacing  the  mutated  sidechains,  retaining  the  sidechain 
conformation  of  the  parent  structure  whenever  possible.  If  the 
structure  of  the  new  protein  was  solved  by  X-ray  crystalloqraphy,  we 
should  expect,  on  the  basis  of  this  relatively  close  relationship 
between  the  amino  acid  sequences,  that: 

(1)  A  core  of  over  90%  of  the  residues  would  retain  a  common  fold. 
Fewer  tfian  20  residues  would  be  found  in  loops  with  radically 
different  conformations. 

(2)  The  backbone  atoms  could  be  superposed  with  a  root-mean-square 
deviation  of  about  1.0  A  or  less.  The  binding  site  might  show  even 
less  deviation,  as  evolution  tends  to  alter  binding  sites  relatively 
conservatively,  provided  that  one  is  dealing  with  a  family  of  proteins 
in  which  function  is  maintained. 

(3)  The  sidechains  of  90%  of  the  nonmutated  residues,  and  of  50%  of 
the  mutated  residues,  would  have  similar  conformations. 

Such  a  model  would  give  a  reasonable  picture  of  the  unknown 
structure,  at  a  level  useful  for  analysis  of  its  structural  and 
functional  properties.  If  the  sequences  were  more  closely  related, 
the  quality  of  the  model  would  be  correspondingly  improved. 

The  level  of  50%  residue  identity  provides  a  useful 
"rule-of-thumb"  in  deciding  whether  model  building  by  homology  will  be 
satisfactory.  For  proteins  more  distantly-related  than  this  rough 
threshold,  the  model-building  procedure  described  would  be  less 
successful,  and  one  would  be  discouraged  from  trying  to  build  a 
full-blown  three-dimensional  model.  The  core  might  include  no  more 
than  40%  of  the  sequence,  with  60?  of  the  chain  adopting  a 
qualitatively  different  fold.  The  geometry  of  the  core  residues  would 
be  altered  more  radically  —  the  root-mean-square  deviation  vould  be 
much  higher.  The  one  consolation  is  that  the  active  site  might  be 
relatively  well  conserved  between  the  known  and  unknown  structures, 
permitting  some  analysis  of  the  effects  on  function  of  mutations 
within  the  active  site  itself. 
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Unfortunately,  there  is  no  better  way  of  generating  a  model  of 
an  unknown  protein  from  a  very  distant  relative,  nor  is  there  any 
procedure  —  such  as  those  based  on  conformational  energy  calculatios 
or  molecular  dynamics  —  that  will  reliably  improve  such  a  model. 

This  is  an  active  subject  of  current  research. 


3.  Conformational  change  in  proteins 

Many  proteins,  including  bacterial  toxins,  undergo 
conformational  changes  as  part  of  their  function.  What  can  we  say 
about  the  mechanism  of  such  conformational  changes? 

Although  crystal  structures  provide  "snapshots"  of  proteins  in 
particular  states,  comparisons  of  crystal  structures  can  provide 
Information  about  the  nature  and  mechanism  of  conformation  change.  In 
the  previous  section  we  have  discussed  the  conformational  changes 
produc3d  by  mutations  during  evolution;  next  we  take  up  the  mechanism 
of  con'ormational  changes  produced  by  crystal-packing  forces  and 
changes  in  state  of  ligation.  We  shall  mention  the  implications  of 
conformational  changes  to  the  theoretical  problems  of  (1)  predicting 
protein  structure  from  amino  acid  sequence,  and  (2)  the  engineering  of 
protein-ligand  interactions.  The  latter  problem  includes  both  the 
design  of  ligands  de  novo,  and  the  modification  of  known 
protein-ligand  sys'Eems  —  for  example,  to  enhance  affinity  or  to  alter 
specificity. 

Insulin  and  citrate  synthase  illustrate  the 
"helix-interface-shear"  mechanism  of  conformational  change,  in  which 

facked  helices  move  with  respect  to  one  another  to  limited  extents; 
arger  movements  can  occur  as  a  cumulative  effect. 

By  their  nature,  sets  of  atomic  coordinates  derived  from 
crystal  structures  do  not  explicitly  reveal  the  dynamics  of  proteins 
in  solution.  Accordingly  you  will  see  that  our  studies  have  been 
based  on  comparisons  of  two  particular  states  of  proteins,  in 
different  crystalline  environments  or  in  different  states  of  ligation. 
In  the  case  of  bacterial  toxins,  only  one  high-resolution  structure  is 
known,  that  of  colicin  A  [12],  but  only  one  form  of  this  molecule  has 
been  solved. 

What  kinds  of  conformational  changes  can  one  see  by  comparing 
the  solved  crystal  structures  of  proteins?  The  available  data  arises 
from  the  cases  in  which  different  sets  of  coordinates  have  been 
determined  for  a  single  protein,  corresponding  to  a  single  amino  acid 
sequence.  These  may  arise  either  from  entirely  independent  crystal 
forms,  which  may  have  been  crystallized  from  different  conditions  of 
solvent  and  temperature,  or  from  structure  determinations  of  crystals 
with  more  than  one  molecule  in  the  asymmetric  unit.  In  both  cases, 
the  environment  —  the  nature  of  the  crystal-packing  contacts  —  is  in 
general  different. 

These  data  have  permitted  analysis  of  the  mechanism  of 
conformational  change  in  certain  cases  of  ligand-induced 
conformational  changes.  The  best  data  are  available  for  proteins 
composed  largely  of  helices.  In  insulin  and  citrate  synthase, 
conformational  changes  can  occur  by  a  deformation  of  the  interface 
between  packed  helices,  allowing  one  helix  in  such  a  pair  to  slide  by 
up  to  about  1.5  A  with  respect  to  the  other;  1.5  A  seems  to  be 
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(roughly)  a  limit  of  the  "plastic  deformation”  of  helix  interfaces. 

In  cases  where  close  packing  prevents  simple  rigid-body  or 
"hinge-bendinq"  changes  in  tertiary  or  quaternary  structure,  large 
conformational  changes  (e.g.  10  A  shifts)  can  occur  as  the  cumulative 

effect  of  individual  shifts  helices  with  respect  to  each  other. 


Insulin 

The  pig  insulin  molecule  is  an  interesting  system  to  study  in  terms  of 
conformational  changes,  because  it  illustrates  the  effects  of  both 
crystal-packing  forces  and  changes  in  state  of  ligation.  Two  forms  of 
pig  insulin  have  been  solved  to  high  resolution  [13-14],  and  provided 
the  data  for  our  investigations  (Is). 

The  pi^  insulin  monomer  consists  of  two  chains,  A  (21  residues) 
and  B  (30  residues).  The  chains  are  linked  by  two  disulphide  bridges. 
Two  monomers  form  a  dimer,  held  together  by  hydrogen  bonding  between 
strands  of  beta-sheet  and  van  der  Waals  contacts.  In  the  presence  of 
Zn++  the  dimers  assemble  into  hexamers.  Crystals  grown  at  low  ionic 
strength  produce  the  2Zn  form,  containing  two  Zn  ions  per  hexamer;  but 
at  high  ionic  strength  an  alternative  form  is  produced  containing  four 
zinc  atoms  per  hexamer.  The  asymmetric  unit  of  each  crystal  contains 
two  monomers  —  thus  each  hexamer  can  be  thought  of  as  a  trirrer  (with 
perfect,  crystallographic  three-fold  symmetry)  of  dimers.  The  two 
monomers  of  each  dimer  have  similar  but  not  identical  structures. 

It  follows  that  the  2Zn  and  4Zn  crystal  structures  provide  us 
with  four  independent  monomer  structures.  Of  these,  one  monomer  of 
the  2Zn  form  is  very  similar  in  conformation  to  the  corresponding 
monomer  in  the  4Zn  form,  and  can  serve  as  a  "reference  structure"  for 
analysis  of  conformational  changes  and  the  search  for  their  origin. 

In  the  2Zn  form,  the  two  monomers  are  rather  similar;  in  the  4Zn  form 
the  N-terminus  of  the  B  chain  has  changed  its  conformation  entirely  in 
the  process  of  forming  the  new,  off-axial  zinc  binding  site. 

(Symmetry  conditions  dictate  that  the  two  zinc  ions  in  2Zn  insulin 
must  fall  on  the  three-fold  axis;  and  that  at  least  one  of  the  four 
zinc  ions  in  4Zn  insulin  must  be  on  the  axis.  In  the  crystal 
structures,  one  of  the  axial  zinc  binding  sites  is  very  similar  in  2Zn 
and  4Zri  forms;  the  4Zn  form  contains  three  off-axial  zinc  binding 
sites  related  by  the  threefold  symmetry.) 

A  detailed  comparison  of  the  main-chain  conformations  of  the 
insulin  monomers  (14)  suggests  a  physical  picture  of  the  deformations: 
One  can  think  of  dealing  with  a  succession  of  nearly-rigid  segments  of 
chain  (which  largely  retain  their  conformations,  relative  to  the 
reference  structure)  connected  by  more  flexible  regions.  The 
well-fitting  regions  can  be  fit  to  the  homologous  regions  of  the 
reference  molecule  with  r.m.s.  deviations  of  main-chain  atoms  of 
0.11-0.25  A.  (See  Figure  2.)  The  only  significant  segment  that 
exhibits  a  gross  change  in  topology  is  the  N-terminus  of  the  B  chain 
in  one  of  the  molecules  of  the  4Zn  form. 

The  segments  that  we  describe  as  well-fitting  are  maximal,  in 
the  sense  that  if  one  tries  to  add  residues  to  them,  or  to  superpose 
two  of  them  together,  the  deviations  increase  substantially.  This 
implies  that  even  the  nearly-rigid  segments  are  moving  with  respect  to 
one  another.  Indeed,  we  have  measured  the  magnitudes  of  these 
movements  and  find  them  to  be  in  most  cases  no  more  than  about  1.5  A. 
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Figure  2.  Results  of  comparison  of  reference  monomer  of  pig  insulin 
with  the  monomers  of  different  conformation,  (a)  The  segments  the 
main  chain  coordinates  of  which  can  be  well  superposed  are  light  and 
contain  numbers  indicating  the  root-mean-square  difference  in  atomic 
positon;  the  poorly-fitting  segments  are  shaded,  (b)  The  shifts  in 
the  segments  relative  to  those  in  the  reference  monomer,  after  fitting 
of  the  monomers  of  different  conformation  onto  the  reference  monomer 
by  superposing  the  main-chain  atoms  of  the  B  helix.  The  numbers  give 
the  shift  and  rotation  by  which  the  segments  have  moved  relative  to 
those  of  the  reference  monomer.  (See  ref.  [IS).) 


Protein  Structure  and  Conformational  Change  •  37 


How  are  these  movements  accomodated:  why  does  not  the  close-packing 
of  interfaces  between  packed  helices  hinder  these  displacements?  We 
found  that  the  shifts  in  packed  helices  are  made  possible  by  small 
changes  in  the  torsional  angles  which  allow  the  sidechains  in  the 
interface  to  shift.  These  changes  in  angles  are  usually  quite  small, 
not  permitting  the  angles  to  flip  from  one  local  minimum  to  another. 

It  is  this  condition  of  maintaining  local  minima  that  seems  to  impose 
a  limit  on  the  magnitude  of  the  shift  of  one  helix  relative  to 
another. 

He  might  summarize  the  mechanism  of  conformational  change  in 
insulin  by  suggesting  that  shifts  in  packed  helices  are  facilitated  by 
small  conformational  changes  within  helix  interfaces,  which  permit 
finite  but  limited  displacements  of  the  main-chain  atoms.  We  call 
this  the  "helix  interface  shear"  mechanism  of  conformational  change, 
and  suggest  that  the  maximum  displacement  observed  in  most  cases,  1.5 
A,  represents  the  limit  of  plastic  deformation  of  the  helix  interface. 

This  mechanism  has  interesting  general  implications  for  the 
long-ran^e  transmission  of  conformational  change.  Consider  two 

Jrossly  idealized  extremes:  If  proteins  were  infinitely  "soft"  any 
ocal  conformational  change  would  be  dissipated  in  the  immediate 
vicinity  of  the  perturbation.  If  proteins  were  infinitely  "hard"  any 
local  conformational  change  could  cause  only  global  movements  of  a 
rigid  unit,  and  not  allow  deformations  of  the  type  required  by 
"induced  fit"  of  enzymes  to  substrates,  or  allosteric  changes  in 
tertiary  structure.  The  observation  that  proteins  have  a  potential 
for  deformation,  but  only  a  limited  one,  shows  how  conformational 
change  can  be  transmitted  over  long  distances,  and  even  amplified.  In 
insulin,  this  mechanism  of  transmission  of  conformational  change 
allowed  us  to  understand  the  reason  for  the  difference  in  conformation 
of  Phe  B25  between  the  two  monomers  in  both  2Zn  and  4Zn  insulin.  (See 
Figure  3.)  In  one  molecule  (the  reference  structure)  the  ring  of  Phe 
B25  packs  into  its  own  monomer;  in  the  other  the  ring  points  out 
across  the  dimer  interface  to  pack  against  the  other  a»nomer.  We  have 
shown  that  this  occurs  because  of  the  pocket  occupied  by  Phe  B25  in 
the  reference  structure  is  deformed  in  the  other  monomer.  This 
deformation  is  the  result  of  the  transmission  of  conformational  change 
from  a  perturbation  arising  from  crystal  packing  forces,  initiated  at 
a  site  20  A  away  at  the  surface  of  the  hexamer.  (See  ref.  [15]  for 
details. ) 


Closure  of  interdomain  clefts:  Citrate  synthase 

Many  enzymes  change  conformation  in  response  to  the  binding  of 
substrates  and  cofactors.  Often  the  active  site  occupies  a  cleft 
between  two  domains,  and  binding  of  cofactors  is  accompanied  by  the 
cleft's  closing  over  the  ligands.  Functional  reasons  for  this 
conformational  change  may  include  the  necessity  to  orient  catalytic 
groups  around  the  substrate,  the  discrimination  against  unwanted 
competitive  ligands,  and  the  exclusion  of  water  from  the  active  site. 
(For  reviews  see  references  (16-18).) 

An  notable  example  of  such  closure  of  an  interdomain  cleft 
occurs  in  the  enzyme  citrate  synthase,  a  large  dimeric  protein.  The 
crystal  structures  of  two  forms  of  citrate  synthase  were  determined  by 
Remington,  Wiegand  &  Huber  [19].  The  monomer  (of  about  440  residues), 
contains  20  helices  that  form  a  two-domain  structure.  (See  Figure  4.) 
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Figure  4.  Citrate  synthase.  The  monomer  is  shown,  consisting  of  two 
domains  with  the  active  site  between  them.  (See  ref.  (20).) 


One  crystal  structure  contains  the  unliganded  form;  in  the  other  the 
protein  binds  the  substrate,  citrate,  and  coenyme  A.  In  the 
unliganded  form  the  cleft  between  the  two  domains  is  open,  in  the 
ligated  form  the  molecule  has  changed  conformation  so  as  to  bury 
almost  completely  the  substrate  and  cofactor.  Some  atoms  move  as  much 
as  10  A.  A  loop  between  two  helices  (0  and  P)  moves  by  6  A  and 
rotates  by  28  degrees  to  cover  the  ligands  and  form  hydrogen  bonds  to 
them. 


We  were  curious  to  look  into  the  conformational  change  in 
citrate  synthase  because  its  extensive  interdomain  interface  seemed 
incompatible  with  the  idea  of  rigid  body  "hinge-bending*  descriptions 
of  relative  movements  of  domains,  derived  from  molecules  such  as 
immunoglobulins  in  which  cases  they  are  plausible  because  the  domains 
are  more  tenuously  connected,  by  flexible  regions  of  chain.  Our 
analysis  of  the  two  structures  showed  that  there  is  considerable 
conformational  change  within  the  domains,  to  produce  the  observed 
closure  of  the  cleft  120). 
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Seven  helices  of  the  large  domain  together  have  a  very  similar 
structure  in  both  forms  of  the  molecule.  These  form  a  semi-rigid 
kernel,  which  one  may  note  contains  only  about  one-third  of  the 
helices  and  is  limited  to  one  of  the  domains.  The  other  thirteen 
helices  reorganize  their  relative  spatial  disposition,  both  with 
respect  to  the  set  of  seven  and  in  most  cases  with  respect  to  one 
another.  At  the  domain  interface,  the  relative  movements  of  packed 
helices  vary  from  0.2  A  displacement  and  4  degrees  of  rotation,  up  to 
1.8  A  displacement  and  11  degrees  of  rotation. 

How  then  do  the  large  motions  required  to  close  the  interdomain 
cleft  occur?  We  found  that  the  set  of  individual  displacements 
between  packed  helices  is  coupled  to  produce  the  large  shifts  as  a 
cumulative  effect.  Within  the  limits  of  the  data,  the  helix  movements 
are  consistent  with  the  "helix  interface  shear”  mechanism  observed  in 
insulin.  The  basic  point  is  that  during  the  conformational  change 
there  is  a  limit  to  the  excursion  of  any  pair  of  packed  helices,  so 
that  large  conformational  changes  must  be  built  up  from  the  cumulative 
effects  of  smaller  ones. 

We  have  examined  the  conformational  changes  in  other  proteins 
see  what  they  add  to  these  conclusions  [20-21].  In  alcohol 
dehydrogenase,  hexokinase,  and  haemoglobin,  relative  helix  movements 
play  a  role  in  the  mechanism  of  the  conformational  change;  however,  in 
these  cases  the  interface  between  the  domains  is  relatively  small, 
compared  with  citrate  synthase,  and  the  movements  of  the  helices  are 
smaller  and  the  effects  more  localized.  It  would  be  interesting  to 
study  the  analogous  conformational  changes  in  beta  sheets  but  adequate 
data  on  an  appropriate  case  are  so  far  unavailable. 


4.  Conclusion 

Recent  developments  in  computational  molecular  biology  suggest  that  it 
will  be  possible  to  build  models  of  proteins  from  amino  acid 
sequences,  to  a  specifiable  degree  of  accuracy,  provided  that  the 
structure  of  another  protein  fairly  closely  related  to  the  target 
molecule  is  available  [10-11].  Other  techniques  are  being  developed 
to  analyze  unoccupied  binding  sites  to  design  ligands  that  might  fit 
into  them  [22-24].  Both  of  these  are  very  important  but  difficult 
theoretical  questions,  and  we  all  have  a  right  to  be  pleased  that  some 
progress  has  been  made  towards  solving  them.  My  purpose  today  has 
been  to  describe  certain  conformational  changes  in  proteins  as  seen  in 
crystal  structures,  which  are  of  course  interesting  phenomena  in 
themselves,  and  to  suggest  that  there  are  cases  in  which  they 
introduce  an  extra  dimension  of  complexity  into  the  predictions  we 
want  to  make. 
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IMTROaiCTION 

Str^ptocxxscua  pneuncnlae  Is  an  important  agent  of  disease  in  man.  The 
molecular  basis  of  its  virulence  is  urtclear.  although  the  capsule  plays  a  key 
role.  ITte  pneumococcus  elaborates  several  proteins,  which  although  rxs 
definitive  role  ^  vivo  has  been  ascribed  to  them,  do  ha^«  activities  indicative 
of  a  role  in  disezise.  Many  of  these  proteins  interact  with  oemponents  of  the 
host  defences  Icnown  to  be  Important  in  pneunoooocal  disease.  One  suc^ 
protein  is  pneumolysin. 

Pneumolysin,  the  tMol-activatedtoi<ln  of  Streptococcus  prteumoniae,  is  one 
of  a  family  of  toxins  produced  by  four  different  genera  of  Gram  positive 
bacteria  ( 21 ) .  This  family  of  toxins  st^axe  a  variety  of  physical  and  biological 
properties  and  exert  their  toxic  effects  via  damage  to  eukaryotic  membranes 
(3) .  A  striking  feature  of  this  family  is  their  prcmjnoed  immunological  cross- 
reactivity  such  that  sera  raised  against  one  member  of  this  family  generally 
reacts  vtth  and  often  neutralises  and  precipitates  heterologous  toxin  ( 21 ) . 

Thesa  toxins  undergo  reversible  oxidation  and  reduction  ( 21 ) .  This  was 
thought  to  reflect  the  formation  and  breakage  of  intra-molecular  disulphide 
brldgeswithoonoommitantoonformatlcnal  changes  in  the  protein  (2).  As  well 
as  an  Involvement  in  mediating  such  changes,  a  single  sulphydryl  was 
postulated  to  be  essential  for  activity  although  its  precise  role  was  not 
defined  ( 7 ) .  It  has  been  postulated  that  the  thiol-activated  toxins  utilise 
cholesterol  as  reoepbor  since  their  cytolytic  activity  Is  only  manifest  cn  cells 
irfiich  have  cholesterol  as  part  of  their  membranes  and  because  free 
cholesterol  is  a  potent  inhibitor  of  cytolytic  activity  (21,3).  It  has  been 
suggested  that  the  essential  sulphydryl  group  may  mediate  ( or  is  involved  in ) 
the  interaction  of  the  toxin  and  cholesterol  (5).  Qxe  bound  to  target  cells  the 
toxin  is  thought  to  insert  Into  the  lipid  bilajer  and  following  lateral  diffusion 
form  aggregates  of  toxin  molecules  (5)  vMch  are  probably  cholesternl-free  (2). 
These  aggregates  are  visible  as  arc  and  ring  shape  structures  and  it  is 
thought  that  they  represent  transnembrane  channels  through  which 
cytoplasmic  molecules  can  pass  leading  to  cell  lysis  (4).  The  relevance  of  these 
structures  in  vivo  during  infection  is  unclear  since  it  can  be  argued  that  the 
concentrations  of  these  toxins  reached  to  vivo  are  insufficient  to  permit  their 
formation.  However,  it  has  long  been  known  that  sublytic  ocxicentrations  of 
toxin  have  potent  inhibitory  effects  on  cells  of  the  Immune  system  and  such 
effects  might  have  profound  consequences  for  pathogenesis  of  infection 
catised  by  their  producing  organisms.  For  example,  sub-lethal  amounts  of 
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pneunolysln  inhibit  antitxady  synthesis  by  B  cells  and  inhibit  the  key 
antimicrobial  activities  of  polymorphonuclear  leukocytes  ( FMNL)  such  as  the 
respiratory  burst  (17,18).  It  is  such  cytotoxic  activities  vrftLch  may  be  more 
relevant  ^  vivo. 

Conqplement  plays  an  important  role  in  protection  against  pneumococcal 
disease.  Pneumolysin  activates  the  classical  pathway  of  oonplement  in  an 
antibody  Independent  fashion  ( 19 ) .  When  this  occurs  in  the  fluid  phase  it  has 
been  prx^xjsed  that  this  may  consume  oonplement  thus  diminishing  its 
protective  effects  ( 2 ) .  Toxin-membrane  complexes  are  potent  activators  of 
conplement  and  this  may  result  in  assembly  of  the  membrane  attack  complex 
on  host  membranes  leading  to  autolysis  (2,4).  Each  of  these  events  may 
contribute  to  the  Induction  of  the  inflanmatory  response  and  damage  and 
contribute  to  the  persistence  of  pathological  signs  beyond  the  time  when 
organisms  have  been  cleared  from  the  body  by  antibiotic  therapy. 

To  probe  the  structure  and  function  of  pneumolysin  and  to  study  its  role 
in  the  pathogenesis  of  pneumococcal  infection  we  recently  reported  the  cloning 
( 24 )  and  complete  sequence  of  the  pneumolysin  gene  ( 24 )  and  its  manipulation 
to  yield  large  amounts  of  recombinant  toxin  (15).  Subsequently  the  sequence 
of  three  other  thiol-activated  toxins.  Streptolysin  O  (12),  Listprinlysln  (14)  and 
Perfringolysin  (23)  have  been  deduced.  In  this  article  we  shall  review 
progress  made  to  date  by  comparing  the  available  sequences  but  concentrate 
in  particular  our  own  studies  on  pneumolysin. 


STRUCTURE  OF  THE  THIOL-ACTIVATED  TOXINS 

Fheunolysin,  unlike  the  other  thiol -activated  toxins,  is  not  secreted  from 
the  producing  organism  ( 9 )  and  as  expected  no  signal  sequence  was  found  at 
the  N- terminus  of  pneumolysin  in  ocntrast  to  the  other  three  toxins  so  far 
analysed  ( 24 ) .  Pneumolysin  is  471  amino  acids  in  length  and  conparison  of 
this  sequence  with  the  low  molecular  weight  forms  of  Streptolysin  0,  and  the 
secreted  version  of  perfringolysin  and  listeriolysin  reveals  that  th^  all  share 
zemaikable  primary  amino  acid  sequence  similarity  ( 14, 24, 12, 23 ) .  This  accounts 
for  their  serological  cross-reactivity  and  reflects  conservation  of  overall 
structure  required  for  activity. 

Each  of  the  toxins  so  far  analysed  ocntalns  a  single  cysteine  residue 
towards  the  C  terminus  of  the  molecule.  This  observation  precludes  the 
possibility  of  intra-molecular  disulphide  bridge  formation  as  the  basis  for 
reversible  oxidation  and  reducticn  of  these  toxins .  The  single  cysteine  is 
presunably  the  essential  cysteine  residue  defined  previously.  Interestingly, 
the  single  cysteine  residue  lies  in  an  11  i=inlno  acid  motif  which  represents  the 
largest  contiguous  region  of  identity  between  these  toxins  ( Fig .  1 ) .  When  the 
sequences  of  tie  individual  toxins  are  aligned  to  give  maximal  similarity,  these 
eleven  amino  acids  are  also  aligned. 


Figure  1  The  cysteine  motif  of  the  thiol-acrtivated  toxins 
Pr>eumolysln  B1C1X3IAWEWWR 

The  unique  cysteine  in  pneumolysin  is  residue  428. 


THE  CYSTEINE  MOTIF 

Vte  have  termed  the  camion  11  amino  acid  sequence,  vrfvich  contains  the 
single  cysteine  and  three  tryptophan  residues,  the  cysteine  motif.  To  explore 


Structure  and  Function  of  Pneumolysin  ■  45 


the  role  of  this  motif  in  activitj'  have  carried  out  an  extensive  analysis 
(Table  1 )  losing  oligonucleotide-meiiated,  site-directed  mutagenesis  of  the 
pneunolysdn  genes  to  systematically  rzlange  single  residues  in  this  region  ( 20, 
ui^xiblished  data ) . 


Table  1  Mutagenesis  of  the  cysteine  motif 


Modification 

Haemolytic 

activity 

red  cell 
binding 

oligomer 

formation 

choleste 

binding 

C^i2fl>ala 

100 

100 

+ 

100 

Cys!S>ser 

CVs428>gly 

15 

ND 

+ 

100 

1 

100 

+ 

100 

TtpiM>ihe 

0.6 

ND 

+ 

100 

Gli^>Asp 

25 

ND 

+ 

50 

Trp435>Phe 

13 

ND 

ND 

ND 

Trpg>Phe 

reoombdLnant 

100 

ND 

ND 

ND 

100 

100 

+ 

100 

Apart  from  oligomer  formation  all  activities  are  recorded  as  the  percentage 
of  the  activity  of  vrild  type,  reocmbinant  pneumolysin.  Wildtype  reconbinant 
pneuTDlysin  and  native  toxin  were  indistinguishable  in  all  assays  used.  ND 
denotes  not  determined. 

Haemolytic  activity  was  determined  by  standard  methods  (ref. 24). 

Red  cell  binding  was  measur^  by  incubating  cells  with  pneumolysin 
radiolabelled  ^  vitro  with  "S  and  determining  number  of  counts  bound. 
Oligomer  formation  was  determined  quantitatively  by  separation  of  toxin 
oligcmers  from  red  cell  membranes  using  sucrose  density  centrifugation 
(ref. 8)  as  described  previously  (ref. 24). 

Cholesterol  binding .  Toxin  was  incubated  with  radiolabelled  cholesterol 
and  toxin-cholesterol  oonplexes  separated  by  sucrose  density 
centrifugation .  Binding  was  measured  by  counting  label  associated  with 
toxin. 

Complement  activation  was  measured  by  (fetermination  of  C3b  formation  by 
ininuno-electrophoresis  as  described  previously  (ref. 20). 

The  Cys^28^^®  modified  toxin  was  indistinguishable  from  native  and 
recombinant,  wild- type  toxin  in  all  parameters  so  far  examined,  including 
cytolytic  and  sublethal  efffjcts  cn  FMNLs  and  the  ability  to  activate 
oonplement  ( 20 ) .  Thi  s  clearly  precludes  an  essential  role  for  the  cysteine 
residue  and  henoe  sulphydryl  groups  in  pneumolysin  activity  ^  vitro.  It 
remains  possible  that  the  sulpiiydryl  grot^  is  Ijiportant  in  vivo.  In  exude  cell 
extracts  of  E.  ooli,  the  CyS'-s'Ala  modified  toxin  is  not  suso^ytible  to  oxidation 
and  reduction,  a  situation  whi  ch  contrasts  with  the  wild  type  recombinant 
toxin.  We  have  observed  tnat  if  highly  purified  pneumolysin  loses  its  activity 
on  storage,  it  is  not  possible  to  resurrect  activity  by  the  addition  of  reduclrg 
agents. 

The  nature  of  the  amino  acid  at  position  428  in  pneumolysin  is  not 
uninportant  since  the  Cys.2g>Ser  and  modified  toxins  had  reduced 

cytolytic  activity  and  thJ.s  was  mirrered’oy  a  reduced  ability  to  inhibit  the 
respiratory  burst  of  phorbol  ester-stlmulated  human  IWNL  (20).  This  may 
indicate  that  the  events  in  cytolysis  are  fundamentally  similar  to  those  which 
occur  vrf^en  cells  are  treated  with  sublytlc  concentrations  of  the  toxin. 

Modification  of  the  tryptxjphan  residues  led  to  an  Interestlrg  observation 
(Table  1,  ur^njblished) .  The  Trp^>Rie  and  Trp.3c>Phe  had  reduced  cytolytic 
activity  vrfillst  the  Trp^>Phe  modeled  toxin  w^^f ully  active .  The  Glu^j^  > Asp 
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modified  txjxin  was  also  reduced  in  cytolytic  activity.  Thus  despite  their 
pzenounced  consexvaticm,  specific  residues  { including  the  cysteine )  are  not 
absolutely  required  for  activity  and  also  no  one  residue  is  of  overriding 
inpsrtance  but  the  overall  structure  of  this  cysteine  motif  may  be  Important 
for  cytolytic  and  cytotoxic  activity. 

Interestingly,  all  of  the  modified  toxins  which  we  have  analysed  bind  red 
cell  membranes  and  form  oligcmers  in  membranes  as  efficiently  as  the  wild 
type  toxin  (Table  1).  Although  these  assays  were  not  strictly  quantitative,  we 
believe  a  twofold  difference  in  binding  and/or  oligomer  formation  would  have 
been  detected.  The  reason  v^y  some  of  these  modified  toxins  exhibit 
dramatically  reduced  cytolytic  and  cytotoxic  activity  ranains  unclear.  Rsthaps 
the  nature  of  the  transmembrane  pores  formed  by  these  modified  toxins  are 
defective.  This  is  presently  under  investigation. 

Preliminary  experiments  using  the  Glui2i>Asp  modified  toxin  showed  that 
it  may  have  a  reduced  capacrity  to  bind  choiesterol .  It  is  thus  tempting  to 
speculate  ttet  the  11  amino  acid  cysteine  motif  is  responsible  (at  least  in  part) 
for  interaction  with  sterols.  It  is  noteworthy  that  although  the  Glujy>Asp 
mutant  apparently  exhibits  reduced  ability  to  bind  free  cdxDlesterol  we  could 
detect  no  reducrtion  in  its  ability  to  bind  red  (cells.  Thus  we  can  specrulate 
that  the  cysteine  motif  is  involved  in  sterol  interacticns  after  Initial  binding 
to  reiceptor  via  a  toxin  dcxnain  different  from  the  cysteine  motif  ( see  below ) . 
The  cysteine  motif  might  mediate  recngniticn  of  the  cholesterol  aliphatic  sicie 
chain  as  part  of  the  membrane  insertion  process  and  this  Interacction 
determines  the  stru<cture  of  the  pore. 

The  nature  of  the  recaptor-binding  cJcxnain  remains  unclear.  However, 
treatment  of  pneumolysin  with  diethyl  pyrcxarbonate  (DEPC)  effectively 
abolished  the  cytolytic  activity  of  the  toxin  and  its  ability  to  bind  red  calls , 
It  la  therefore  teriptlng  to  speculate  that  such  chemical  modificaticn  affects 
recaptor  binding  by  the  toxin.  Sinca  DEPC  primarily  modifies  histidine 
residues  and  given  that  each  of  the  secjuenced  toxins  share  extensive 
homology  and  probably  a  (common  mode  of  acticxi  it  is  of  interest  that  only  a 
single  histidine  in  each  of  the  toxins,  vhlch  is  outside  the  cysteine  motif,  is 
aligned  when  the  toxins  sequenoed  are  aligned  for  maximal  sequence  similarity 
( see  Fig.  2 ) .  This  raises  the  hypothesis  that  this  histidine  residue  emprises 
part  of  the  recaptor  binding  eJonain  of  the  protein,  possibly  mediating 
recxjgnition  and  binding  of  the  hydroxyl  group  of  cholesterol.  We  have 
changed  this  histidine  to  arginine  by  site-dlrecrted  mutagenesis  and  the 
modified  tewin  was  ctevoid  of  cytolytic  activity.  We  are  presently  purifying 
this  (modified)  toxin  in  order  to  carry  out  red  call  and  cholesterol  binding 
assays. 


Figure  2  The  canmon  histidine  of  the  thiol-acrtivated  toxins 


Pneumolysin 
Listeriolysin 
Perfrlngolysin 
Streptolysin  O 


364  -  L  L  D  H  S 
420  -  L  I  D  H  S 
345  -  N  L  D  H  S 
469  -  N  L  S  H  Q 


G  A  Y  Y  A  Q  -  374 
G  G  Y  V  A  Q  -  430 
G  A  Y  V  A  Q  -  405 
G  A  Y  V  A  Q  -  479 


COMPLEMENT  MLTTATION 

All  of  the  mutants  in  the  cysteine  motif  we  have  analysed  activate 
cmplement  as  efficiently  as  the  wild- type  toxin  regardless  of  their  cytolytic 
acrtlvities.  This  implies  that  the  cysteine  motif  is  not  the  region  of 
pneumolysin  respcasible  for  camplement  activation. 
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During  the  producticxi  of  monoclmal  antibodies  to  pneumolysin  we  noticed 
that  the  toxin  bound  efficiently  the  ocanjugated  secondary  antibody  used  in 
the  ELISA  enployed  for  identification  of  hyfaridcmas .  We  subsequently  showed 
that  the  Fc  fragment  and  rxjt  the  Fab  fragments  of  IgG  bound  to  pieumolysin. 
This  may  account  for  the  ability  of  pneumolysin  { and  perhaps  the  other  thiol- 
activated  toxins)  to  activate  oonplement  in  the  absence  of  anti -toxin 
antibodies. 

We  have  atteirqpted  to  localise  the  Fc  binding  domain  of  pneumolysin.  A 
search  of  protein  sequence  data  bases  for  sequences  similar  to  pneumolysin 
reveals  little  of  substantial  similarity.  The  most  similar  protein  was  hunan  C- 
reactive  protein.  This  acute  {hase  protein  binds  the  C-polysaocharide  of 
pneumoooocl  vhlch  leads  to  activation  of  conplenent  via  the  classical  pathwey 
( 11 ) .  In  addition,  several  groups  have  found  that  passively  administered 
hum^  C31P  will  protect  mice  from  challenge  with  virulent  pneumococci 
(8,16,25).  The  C- terminal  third  of  human  a?P  has  homology  with  pneumolysin 
but  it  is  interesting  to  note  that  the  homologous  regions  of  pneumolysin  are 
not  contiguous  (Fig.  3). 


Figure  3 
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The  CRP-like  domains  of  pneumolysin 
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Fig.  3.  Conparlson  of  the  amino  acid  sequences  of  pneumolysin  and  C3^. 
The  sequences  were  aligned  using  the  FASTP  program  of  Llpman  and 
Pearson  (13).  Numbers  refer  to  amino  acid  residues  in  the  respective 
proteins.  !  and  *  denote  identical  or  similar  residues,  respectively. 


on  the  assunption  that  the  cctimon  regions  in  pneumolysin  and  human 
CPP  are  those  v^ch  mediate  ocnplement  activation,  perhaps  via  non- Immune 
binding  of  antibody  via  Fc,  we  have  carried  out  site  directed  mutagenesis  of 
domain  2  in  pneumolysin  ( Table  2 ) .  The  three  replacements  made  in  domain  2 
all  affect  the  ability  of  pneumolysin  to  activate  oonplement  relative  to  the 
wlldtype  recombinant  toxin.  In  the  case  of  Tyripi>Ihe  this  reduced  ability  to 
activate  complement  Is  mirrored  by  a  reductiOT  in  Fc  binding.  None  of  the 
modifications  affect  the  cytolytic  activity  of  the  toxin.  We  propose  that  the 
region  between  residues  368-397  of  pneumolysin  is  an  Fc-binding  domain,  and 
that  ncxi-lmmune  binding  of  antibody  via  Fc  results  in  activatlai  of  the 
classical  pathway  of  complement. 
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Table  2 

Mutagenesis  of  the  CRP-llke  dcmain  2  of  pneumolvsin 

Modification  Haemolytic 

Conplanent 

Fcl  binding  (%) 

Activity  (%) 

Activation  (%) 

Trp^>Phe 

100 

55 

FD 

'IVr^>Phe 

100 

14 

25 

TrT!to>Phe 

100 

80 

ND 

Redc^inant  100 

100 

100 

Haemolytic  activity  and  coiplement  activation  were  measiored  as  described 
In  Table  1 .  Fc.  binding  was  measured  by  Incubating  toxin  with  purified  Fc. 
and  measuring'  Fc.  bound  by  ELISA.  Results  are  given  as  percentage 
activity  of  recawlnant  wlldtype  toxin.  ND  denotes  not  determined. 


Whilst  we  have  preliminary  data  to  suggest  that  the  CRP-llke  dcmain  2  of 
pneumolysln  Is  an  Fc  binding  domain  we,  as  yet,  have  no  evidence  regarding 
the  prc^3ertles  of  domain  1. 

This  model  also  predicts  that  the  domains  in  QU*  similar  to  pneumolysln 
have  the  same  properties. 


IN  VIVO  ROLE  OF  PNEUMOLYSIN 

A  definitive  role  for  pneumolysln  In  the  pathogenesis  of  pneumococcal 
disease  has  not  yet  been  established,  although  several  lines  of  evidence  point 
to  an  involvemsvt  of  the  toxin  In  pathogmesls.  Firstly,  patiaits  and  carriers 
of  pneumococci  have  anti -pneumolysln  antibodies  and  there  is  a  rise  In  anti- 
pneunolysln  antibodies  during  pneumoooacal  Infection  ( 22,  unpublished  data) . 
Secondly,  ImmunlsaticMi  of  mice  with  pneumolysln  previously  inactivated  by 
oxidation,  confers  some  protection  to  rasal  challenge  with  virulent  pneLmococci 
( 18 ) .  Mice  immunised  in  this  way  succumb  to  the  infection  some  4-5  days  after 
the  non-lmmurrised  controls .  The  basis  for  this  protection  is  not  yet  clear. 
Also  mice  Immunised  with  the  Cys^23^®^y  mutant  and  challenged  intra-nasally 
with  virulent  type  II  pneumococci  survived  for  up  to  5-9  days  oonpared  with 
3-4  days  for  nrai-iinnunised  animals  (unpublished  data).  We  are  eminently 
pursuing  this  study  using  other  genetically  engineered  toxoids  whose  lack  of 
acrtlvlty  permits  iinnunisaticffi  with  more  protein. 

The  above  observations  suggest  that  pneumolysln  might  be  a  valuable 
addition  to  the  existing  pneunoaxcal  capsular  polysaccharide  vaocine  perhaps 
being  exploited  as  a  protein  carrier  for  polysacx:harlde.  Pneumolysln  is 
produced  by  all  serotypes  of  the  pneumoccxrus  and  alone  ccxifers  limited 
protecticxi  in  a  serotype  independent  manner  ( 8 ) .  Conjugated  to  the  existing 
23-valent  polysaccharide  vaocine,  the  toxin  might  induce  B  cell  memory  to 
polysaexharide  antigen  and  improve  the  efficacy  of  the  vaccine  in  the  very 
young  as  well  as  elicrLting  neutralising  toxin  antibodies  which  themselves  might 
be  partially  protecrtlve.  Recombinant  pneumolysin  is  the  most  logical  source 
of  the  toxin  for  this  purpose  since  it  is  available  in  very  large  amounts  via 
high  level  expression  in  E.  ooli  ( 15 ) .  In  addition,  genetically  engineered 
toxoids  are  already  available  ( see  above ) .  We  have  recently  ocnstructed  a 
triple  mutant  with  dramatically  reduced  cytolytic  and  cxrplement  acrtlvating 
activity.  Further  tiutagenesls  to  abolish  biological  activity  yet  retain  native 
conformation  and  hence  immunogenicity  Is  the  next  phase  of  these  studies. 
Such  modified  toxins  would  form  the  logical  carrier  in  a  pneumolysin- 
polysaccharlde  cxn jugate  vaocine. 
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To  explore  the  basis  of  the  partial  protective  effect  of  imnunisation 
with  pneumolysin,  we  performed  a  time  ccxirse  experiment  following  intra-nasal 
iixxxilaticn  with  virulent  type  III  pneunocoocl  and  monitoring  appearance  of 
bacteria  in  various  organs.  Ourpreliminaryresultsshcwedthat  for  about  40 
hours  post  challenge  pneumococci  are  found  only  in  the  lungs.  The 
challenged  animals  were  healthy  and  the  lungs  showed  no  obvious  sign  of 
oonaolidation.  At  44  hrs  post  infection,  bacteria  appear  in  the  blood,  spleen, 
liver  and  brain  and  following  a  period  of  rapid  pneumococcal  growth  the 
animals  die  within  6-10  hours.  The  events  v^ch  result  in  translocation  of 
pneumococci  from  the  lung  and  their  e:q>losive  growth  in  other  organs  are  now 
a  topic  for  detailed  study.  It  will  be  interesting  if  Immunisation  with 
pneumolysin  extends  the  interval  of  ^parent  disease-free  oolcnisation  of  the 
liffig. 

In  oollaboraticn  with  Or  Hob  Wilson  ( Bronpton  Hospital ,  London )  we  have 
demonstrated  tl^  pneuiolysin  is  a  potent  inhibitor  of  dlia  bating  in  ^  vitro 
organ  cultures  of  ciliated  hunan  re^dratory  tract  epithelia  (22).  Treatment 
of  normal  qplthelia  with  pneumolysin  resulted  in  disruption  of  cilia  beat 
frequency  and  extrusion  of  cilia  and  membrane  blebbing  from  the  epithelial 
cells.  This  is  not  a  consequence  of  disruption  of  cilial  structure  since  in 
cross-section  the  cilia  have  their  noinal  appearance.  When  pnamolysin  alone 
was  instilled  into  a  partially  ligated  Icbe  of  a  rat  lung,  the  lobe  had  the 
classical  histological  appearance  of  birrchqpneLinonia,  essentially  identical  to 
•tba  situation  \iten  virulent  pneumoooei  were  Inoculated  into  similarly  ligated 
lobes. 

Thus  pneumolysin  may  act  t-o  ocmpromise  the  normal,  non-specific 
defences  in  die  lung  allowing  access  of  pneumococci  to  alveoli.  In  this 
location  pneu  nolysln  may  Interfere  with  the  antimicrobial  activity  of  resident 
macrophages  and  abrogate  the  protective  effects  of  PMNL  infiltration, 
Gonplement  and  CRP.  In  addition,  pneumolysin*  as  well  as  bacterial  cell  wall 
ooipanents  of  the  pneumococcus,  might  contribute  directly  to 
bronchopneumonia. 
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INTRODUCTION 

Cholera  toxin  (CT)  is  an  enterotoxin  secreted  by  Vibrio  cholerae  producing 
its  pathological  effects  by  increasing  the  c-AMP  level  in  intestinal  epi¬ 
thelial  cells  (1,2).  It  is  an  oligomeric  protein  (Mr  n,  84,000)  composed 
of  two  structural  and  functional  distinct  subunits  CT  A  and  CT  B  (Mr  '>• 
29,000  and  55,000  respectively).  CT  B  contains  five  identical  polypeptide 
chains  (Mr  =  11,600),  most  likely  arranged  in  a  ring-like  pentameric  con¬ 
figuration  and  CT  A  consists  of  two  non-identical  polypeptide  chains  A,  or 
o-chain  (Mr  =  23,000)  and  A^  or  y-chain  (Mr  =  5,500)  linked  by  a  single 
disulfide  bridge  (for  reviews  see  refs.  1,  3-5).  CT  A  is  synthesized  as  a 
single  polypeptide  chain  which  is  "nicked"  between  two  cysteine  residues 
by  an  extracellular  bacterial  protease.  During  this  proteolysis  two  seri¬ 
ne  residues  are  removed  at  the  C  terminus  of  A.  (6).  The  subunits  are  ar¬ 
ranged  such  that  CT  A  occupies  the  central  channel  of  the  CT  B  pentamer 
extending  well  above  the  plane  of  the  pentameric  ring  (7,8). 

CT  action  is  initiated  by  raoid  binding  to  the  outer  cell  membrane  through 
interaction  between  CT  B  and  the  monosialoganglioside  GM,  followed  by  en¬ 
try  of  polypeptide  A,  into  the  cell  where  it  is  able  to  Stimulate  adenyla¬ 
te  cyclase  by  catalyzing  the  ADP-ribosylation  of  the  G  subunit  of  the 
stimulatory  GTP  binding  regulatory  protein  (for  reviews'?  see  3-5). 
Chemical,  immunochemical  and  spectroscopic  studies  have  implicated  various 
amino  acid  residues  as  critical  to  the  initial  highly  specific  interaction 
of  CT  B  with  the  carbohydrate  moiety  of  GM,  (9-12).  More  specifically  the 
lone  Trp  88  residue  (10,12)  of  each  B-polypeptide  chain  of  CT  B  and  one  or 
more  lysyl  residues  (9,10,12)  appear  to  be  important  for  the  recognition 
of  the  negatively  charged  receptor.  Because  the  fluorescence  properties 
of  CT  B  are  related  to  the  Trp  88  residues  more  information  concerning  the 
microenvironment  of  these  residues  and  thus  the  binding  sites  for  GM, , 
could  be  obtained  by  fluorimetric  titration-  (13)  and  quenching  experi¬ 
ments  (14). 

These  experiments  have  further  demonstrated  that  ;  (i)  the  intramolecular 
disulfide  bridge  of  each  s-chain  is  vital  for  the  exact  conformation  of 
the  binding  site;  (ii)  the  Trp  88  residue  of  each  B-chain  of  CT  B  appears 
to  be  located  in  a  cleft  which  disappears  following  dissociation  of  CT  B 
into  its  constituent  monomers;  (iii)  receptor  binding  stabilizes  the  pen¬ 
tameric  structure  of  CT  B. 

The  latter  observations  were  interpreted  in  the  light  of  our  previous  pro¬ 
posal  (10)  that  binding  sites  for  GM^  are  located  at  the  interfaces  of  ad- 
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jacent  6-chains  of  the  CT  B  pentamer  and  that  binding  requires  the  parti¬ 
cipation  of  amino  acid  residues  from  adjoining  chains.  In  order  to  fur¬ 
ther  test  this  hypothesis  we  constructed  hybrid  CT  B  preparations  from  in 
active  chemically  modified  parental  8-chains. 


MATERIALS  AND  METHODS 

CT  was  obtained  from  List  Biological  Laboratories  Inc.  (Campbell,  CA). 

CT  B  was  prepared  as  previously  described  (15).  GM,  was  isolated  from  bo¬ 
vine  brain  according  to  the  procedure  of  Iwanori  et  al.  (16).  The  oligo¬ 
saccharide  moiety  of  GM,  was  obtained  from  an  ozonolysis  reaction  followed 
by  (i)  an  alkaline  fragmentation  procedure  and  (ii)  chromatography  on  Do- 
wex  1-X8  (15). 

Formylation  of  tryptophanyl  residues  of  CT  B  was  performed  with  HCl-satu- 
rated  formic  acid  according  to  Previero  et  al.  (17).  Reversible  acylation 
of  ’ysyl  residues  with  citraconic  anhydride  was  performed  in  0.2M  borate 
buffer  pH  8.2  at  O^C  by  the  addition  of  100-fold  molar  excess  of  anhydride 
over  amino  groups  (18).  Irreversible  acylation  was  conducted  in  0.2M  bo¬ 
rate  buffer  pH  8.2  at  0°C  by  the  addition  of  100-fold  molar  excess  of  so¬ 
lid  succinic  anhydride  over  amino  groups  (19).  Free  amino  groups  were  de¬ 
termined  by  the  TNBS  assay  (20). 


RESULTS  AND  DISCUSSION 

Preparation  of  chemically  inactivated  derivatives  of  CT  B. 

Because  of  the  critical  involvement  of  Trp  88  and  lysyl  residues  in  recep¬ 
tor  recognition,  chemical  deri vatization  of  these  residues  was  chosen  to 
prepare  inactive  derivatives  of  CT  B.  Several  methods  can  be  applied  to 
modify  tryptophanyl  residues  in  CT  B.  Nitrophenylsulfenylation,  dinitro- 
phenylsulfeny lation,  formylation  and  oxyindole  formation  cause  a  complete 
loss  of  binding  activity  (11,12).  Modification  of  tryptophanyl  residues 
in  CT  B,  depending  on  the  nature  of  reagent  and  modification  conditions, 
frequently  leads  to  a  loss  of  pentameric  structure.  More  specifically, 
modifications  destroying  the  indolic  character  e.g.  by  oxyindole  formation 
or  modification  by  nitrophenylsulfenylation,  reducing  the  electron  density 
and  causing  steric  hindrance,  indeed  result  in  a  loss  of  pentameric  struc¬ 
ture.  After  formylation  of  Trp  88  the  quaternary  structure  of  CT  B  is  pre¬ 
served  as  judged  by  gelfiltration  on  a  Bio-Gel  P-60  column  and  therefore 
this  modification  procedure  constitutes  a  suitable  method  for  the  prepara¬ 
tion  of  inactive  CT  B  derivatives  which  can  be  used  for  the  preparation  of 
hybrid  pentamers. 

Upon  modification  of  lysyl  residues  receptor  binding  is  only  dramatically 
impaired  when  the  modification  involves  a  conversion  of  lysyl  residues  to 
anionic  derivatives  (12).  Each  8-chain  of  CT  B  contains  9  lysyl  residues 
and  therefore  succinylation  or  citraconylation  of  these  residues  is  asso¬ 
ciated  with  a  major  change  in  charge  which  might  prevent  the  proper  asso¬ 
ciation  of  monomers  after  exposure  to  the  denaturating  conditions  essen¬ 
tial  for  the  construction  of  hybrid  CT  B  from  chemically  inactivated  deri¬ 
vatives.  Exposure  of  fully  succinylated  CT  B  to  6M  guanidine  HCl  makes  it 
indeed  unable  to  form  the  pentamer  after  removal  of  the  denaturant.  There¬ 
fore  an  attempt  was  made  to  selectively  modify  lysyl  residues  critically 
involved  in  receptor  recognition.  The  experimental  approach  consisted  of 
first  blocking  through  the  reversible  acylation  lysyl  residues  accessible 
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in  a  CT  B.GM,  (oligo-GM,)  complex  followed  by  irreversible  modification  by 
succinylation  of  lysyl  residues  exposed  after  removal  of  the  ligand  and 
Hnally  removal  of  the  blocking  groups.  After  each  step  the  number  of  re¬ 
maining  amino  groups  was  estimated  by  the  TNBS  assay  (20). 

After  citraconylation  of  CT  B  in  the  presence  of  GM.  (oligo-GM.)  and  sub¬ 
sequent  removal  of  the  ligand  three  amino  groups  are  unmodified  and  the 
partially  citraconylated  material  is  still  able  to  bind  GM,.  Further  ir¬ 
reversible  acylation  of  these  ligand  protected  amino  groups  almost  comple¬ 
tely  blocks  binding.  Decitraconylation  of  this  double  modified  CT  B  does 
not  restore  binding. 

In  agreement  with  the  number  of  GM,  protected  amino  groups  the  TNBS  assay 
demonstrates  that  three  amino  groups  are  modified  in  site  specific  succi- 
nylated  CT  B  (sss  CT  B).  Exposure  of  sss  CT  B  to  6M  guanidine  HCl  does 
not,  in  contrast  with  the  fully  succinylated  derivative,  affect  its  abili¬ 
ty  to  form  the  pentamer. 

Formation  if  hybrid  CT  B  from  chemically  inactivated  derivatives. 

To  test  the  hypothesis  that  binding  sites  of  CT  B  are  not  contained  within 
a  single  polypeptide  chain  but  rather  shared  between  B-chains  formylated 
CT  B  (f  CT  B)  and  sss  CT  B  were  mixed  under  conditions  promoting  random 
interchange  of  B-chains.  To  this  end  equal  amounts  of  f  CT  B  and  sss  CT  B 
were  incubated  in  O.IM  glycine/HCl  buffer  pH  3.2  containing  6M  urea  and 
0.2M  NaCl  for  24  h  at  4°C.  Subsequently  the  denaturant  was  removed  by 
stepwise  dialysis  against  Tris-acetate  buffers  pH  7.5  containing  decrea¬ 
sing  amounts  of  urea.  Assuming  a  random  reassociation  of  the  two  chemi¬ 
cally  inactivated  CT  B  preparations  and  further  assuming  that  Trp  88  and 
the  essential  amino  groups  are  located  on  adjacent  B-chains  25  percent  of 
the  reconstituted  binding  sites  should  bind  GM,  (Fig.  1).  As  shown  in 
Fig.  2  and  Table  I  application  of  this  reconstitution  procedure  to  the  in¬ 
active  derivatives  of  CT  B  leads  to  a  marked  increase  in  GM,  binding  as 
evidenced  by  the  induction  of  a  blue  shift  in  the  fluorescence  emission 
spectrum  of  the  hybrid  CT  B  preparation  and  the  ability  of  hybrid  CT  B  to 
compete  with  GM,  binding  of  native  CT  in  a  solid  phase  radio  binding  as¬ 
say. 

When  the  inactive  derivatives  are  each  separately  exposed  to  the  acid-urea 
conditions  necessary  to  resolve  B-chains  and  subsequently  subjected  to  the 
renaturation  procedure  no  restoration  of  binding  is  observed  (Table  I), 
f  CT  B  as  expected  does  not  show  any  significant  fluorescence  but  is 
clearly  unable  to  compete  with  CT  for  GM,  binding  (Fig.  2,  Table  I). 

A  possibility  to  be  considered  is  that  the  construction  of  hybrids  leads 
to  partial  reactivation  of  binding  sites  through  a  mechanism  of  conforma¬ 
tional  correction.  This  mechanism,  however,  implies  that  the  modified 
amino  acids  are  not  essential  for  binding,  which  is  highly  unlikely  in 
view  of  many  experimental  data  (10-12).  Furthermore,  as  indicated  in  Ta¬ 
ble  I,  neither  reactivation  of  formylated  CT  B  nor  sss  CT  B  occurs  when 
they  are  incorporated  into  hybrids  with  native  B-chains.  The  binding  ac¬ 
tivity  of  hybrid  CT  B  is  approximately  25  percent  of  that  of  native  CT  B 
in  agreement  with  a  random  association  of  B-chains  and  the  formation  of 
one  or  two  active  binding  sites  per  CT  8  pentamer.  Assuming  a  binomial 
distribution  1/16  of  the  reconstituted  pentamers  have  a  composition  simi¬ 
lar  to  that  of  the  parental  compounds,  10/16  have  one  binding  site  and 
5/16  have  two  active  binding  sites. 

A  further  implication  of  the  successful  reconstitution  of  binding  sites  is 
that  when  all  three  amino  groups  located  in  or  near  the  receptor  binding 
site  are  equally  important  for  binding  they  should  be  located  on  one  side 
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Fig.  2.  Effect  of  GM.  on  the  fluorescence  emission  spectra  of  sss  CT  B, 
Trp  modified  CT  B  and  hybrid  CT  B. 


Table  I.  Receptor  binding  activity  of  CT  B  hybrids. 


Species 

Receptor  binding  activity  (") 

f  CT  b\ 

<  0.0001 

sss  CT  B 

0.001 

hybrids  from  f  CT  B 

and  sss  CT  B 

24 

hybrids  from  f  CT  B 

and  native  CT  B 

49 

hybrids  from  sss  CT 

B  and  native  CT  B 

50 

Receptor  binding  activity  is  defined  as  the  ratio  of  IC^q  (native  CT  B)  to 

ICcn  (hybrid  CT  B)  multirlied  by  100  ",  where  ’S  the  concentration  of 

^^125 


I-CT  bound  to  GM 


competitor  which  produces  a  50  *  reduction  of 
in  a  solid  phase  competitive  radiobinding  assay. 

*  f  CT  B  and  sss  CT  B  were  also  taken  through  the  denaturation  and  renatu 
ration  cycle  used  for  the  preparation  of  hybrids. 
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of  the  interface  opposite  of  tiie  Trp  88  containing  side  or  more  likely 
these  amino  groups  are  distributed  over  both  sides  of  the  interface  but 
only  those  (one  or  two)  located  at  the  opposite  side  of  Trp  88  are  vital 
for  6M.  binding. 

End  group  analysis  using  dansylchloride  reveals  that  the  a-amino  group  of 
the  N-terminal  threonyl  residue  constitutes  one  of  the  modified  amino 
groups  in  sss  CT  B.  Selective  modification  of  this  residue  by  transamina¬ 
tion  with  glyoxylic,  however,  does  not  significantly  affect  GM.  binding. 
Therefore  this  amino  function,  probably  located  in  or  near  the  receptor 
binding  site,  appears  not  to  be  essential  for  binding. 

The  ability  of  oligo-6M,  to  reverse  the  quenching  of  the  fluorescence  of 
hybrid  CT  B  by  potassium  iodide  was  used  to  determine  the  number  of  active 
binding  sites  in  the  hybrid  CT  B  preparation  in  a  more  direct  way.  Upon 
fluorimetric  titration  with  o1igo-GM,  maximal  reversal  of  iodide  quenching 
of  CT  B  and  hybrid  CT  B  occurred  respectively  at  molar  ratios  of  oligo-6M, 
to  protein  of  5.1  and  1.3  which  is  again  in  very  good  agreement  with  the  ' 
view  that  25  percent  of  the  reconstituted  binding  sites  is  active. 

The  presence  of  shared  binding  sites  on  CT  B  provides  a  structural  basis 
for  the  observation  that  complexatlon  of  CT  B  with  GM,  prevents  the  low  pH 
induced  dissociation  of  CT  B  (12)  and  markedly  enhances  the  thermal  stabi¬ 
lity  of  CT  B  (21).  The  stabilizing  effect  of  GM.  (oligo-GM.)  on  the  qua¬ 
ternary  structure  of  CT  B  might  offer  an  explanation  for  the  observation 
that  although  a  rapid  internalization  of  CT  occurs  (22),  '“I-CT  remains 
persistently  (several  days)  bound  to  human  fibroblasts  and  is  degraded 
slowly  (23).  since  during  this  time  the  toxin  is  probably  recycled  back 
to  the  cell  surface,  the  stabilizing  effect  of  GM,  might  protect  against 
dissociation  and  loss  of  binding  at  the  acidic  pH  of  intracellular  com¬ 
partments  such  as  endosomes  and  lysosomes.  It  is  therefore  not  excluded 
that  this  persistent  binding  of  CT  enables  CT  A,  to  penetrate  into  the 
cell  at  both  the  level  of  the  cell  surface  and  the  level  of  the  membranes 
of  the  vacuolar  apparatus,  which  is  in  accordance  with  the  partial  protec¬ 
tive  effects  of  lysosomotropic  amines  (24,25). 

Finally,  hybrid  CT  B  pentamers  having  one  or  two  functional  binding  sites 
might  be  useful  to  further  address  the  question  whether  multivalent  bin¬ 
ding  of  CT  is  essential  for  expression  of  toxic  activity  and  more  specifi¬ 
cally  the  role  of  this  multivalent  binding  in  the  translocation  of  the  A, 
polypeptide  chain. 

Formation  of  hybrid  IT  B  from  chemically  inactivated  derivatives. 

E.  coli  LT  resembles  CT  not  only  functionally  but  structurally  and  immuno- 
logically  as  well  (26).  The  low  pH  induced  dissociation  of  LT  B  into  its 
constituent  monomers  is  also  hindered  by  the  addition  of  GM,  or  oligo-GMp 
This  observation  prompted  us  to  investigate,  using  an  experimental  ap¬ 
proach  similar  to  that  described  for  CT,  whether  receptor  binding  sites 
on  LT  are  also  located  at  the  interfaces  of  LT  8-chains.  Preliminary  data 
show  that  the  lone  Trp  88  and  one  or  two  lysyl  residues  of  each  e-chain  of 
LT  B  are  again  essential  for  receptor  binding  activity  and  that  construc¬ 
tion  of  hybrids  from  Trp  modified  LT  B  and  sss  LT  B  results  in  a  marked 
enhancement  of  binding.  These  results  therefore  suggest  that  LT  receptor 
binding  sites  are  also  shared  between  B-chains. 
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INTRODUCTION 

Hemolysins  are  undergoing  increased  scrutiny  as  a  class  of  cytotoxins  that  have 
significant  pathogenic  effects  on  nucleated  cells  of  different  hosts  (4, 5,14).  The  gram 
positive  thiol-activated  hemolysins  and  the  Escherichia  coli  hemolysin  (HlyA)- 
Pasteurella  haemolytica  leukotoxin  (LktA)  gene  family  represent  two  of  the  best 
examples  of  virulence  determinants  which  arose  from  unknown  primordial  sources  that 
arc  now  horizontally  disseminated  among  a  broad  array  of  pathogens  (10,  15, 16,  21). 
In  this  paper  we  will  summarize  some  of  our  recent  data  involving  the  structure  and 
function  of  HlyA  as  well  as  provide  a  preliminary  account  of  our  discovery  of  a  second 
gram  negative  hemolysin  gene  family.  We  have  found  that  on  the  basis  of  significant 
ammo  acid  sequence  similarity,  the  calcium  independent  hemolysin  of  Proteus 
mirabilis,  HpmA  is  evolutionarily  related  to  the  Serratia  marcescens  hemolysin  (ShlA). 


MATERIALS  AND  METHODS 

Escherichia  coli  DHl  was  the  common  background  strain  used  for  the  study  of 
hemolysin  recombinant  plasmids  and  their  products.  The  construction  of  the  HlyA 
encoding  recombinant  pWAM04  was  previously  described  (27).  The  Proteus  mirabilis 
derived  hemolysin,  HpmA  was  produced  by  pWPMlOO  (25).  The  different  in  vitro 
methods  used  to  construct  mutant  strains  ore  standard  except  for  the  isolation  of  a 
deletion  mutation  in  the  hpmA  gene  of  Proteus  mirabilis  BA6163.  The  hpmA  mutant 
was  generated  by  substituting  a  kanarnycin  resistance  gene  cassette  for  Clal  fragments 
totaling  1 689  basepairs  within  hpmA.  using  that  construction  for  cloning  in  a  pii- 
dependent  suicide  vector  system  of  Peterson  and  Mekalanos  (personal  communication  ) 
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and  finally  selecting  for  the  hpmA  mutation  via  alleiic  replacement  in  Proteus 
transconjugants. 

Rabbit  polyclonal  antiserum  against  HlyA  was  raised  as  described  earlier  (27).  The 
isolation,  production  and  epitope  mapping  of  murine  monoclonal  antibodies  (MAbs) 
against  HlyA  will  be  described  elsewhere  (Welch  et  al,  manuscript  submitted). 

The  determination  of  the  DNA  sequence  of  hpmB  and  hpmA  will  be  presented 
elsewhere  (Uphoff  and  Welch,  manuscript  submitted).  The  computer  assisted  analysis 
of  gene  and  gene  product  sequences  was  performed  using  the  UWGCG  software 
pacibge. 


RESULTS  AND  DISCUSSION 

HlyA  structure  and  function.  We  have  used  a  variety  of  approaches  to  characterize  the 
salient  features  of  the  E.  coli  HlyA  protein.  The  computer  assisted  analysis  of  the 
predicted  HlyA  amino  acid  sequence  results  in  the  identification  of  a  number  of 
structural  features  such  as  several  large  hydrophobic  domains  and  the  presence  of  a 
tandem  array  of  glycine-rich  repeats  (10, 26).  A  review  of  those  physical  attributes 
along  with  some  additional  primary  structure  characteristics  are  presented  in  Figure  1  A- 
H.  Since  the  publication  of  the  E.coli  hly  gene  sequences  (9)  several  new  algorithms 
for  predicting  seconda^  and  tertiary  structure  have  been  developed.  One  in  particular  is 
the  algorithm  of  Emini  et  al  (6)  which  predicts  the  probability  of  surface  exposure  of  a 
protein  region.  Such  analysis  of  HlyA  provides  for  some  interesting  predictions  which 
are  shown  in  Figure  1-C.  The  potential  surface  domains  in  their  decreasing  order  of 
probability  are;  aa  507-515  >  553-561  >  672-690  >  69-84  =  426-437  =  457-470  =  607- 
621  >  161-170  >  115-127  =  327-344.  A  surprise  is  that  this  algorithm  results  in  the 
prediction  that  most  of  the  glycine  rich  repeat  area  involved  in  Ca2+  binding  [aa  721- 
849]  is  unlikely  to  be  on  the  HlyA  surface. 

Dramatic  amino  acid  substitutions  or  small  deletions  in  a  putative  transmembrane 
domain  [#5,  aa  303-326,  see  Figure  1-B]  result  in  a  hemolytically  inactive  forms  of 
HlyA  (18).  A  threonine  to  proline  substitution  at  HlyA  aa#  2  results  in  increased 
hemolytic  activity  (18),  That  mutation  along  with  the  prediction  that  the  HlyA  amino 
terminus  can  form  an  amphiphilic  helix  similar  to  a  typical  mitochondrial  protein 
targeting  sequence  suggests  that  the  amino-terminal  region  of  HlyA  may  be  involved  in 
initiating  the  insertion  of  HlyA  into  host  cell  membranes  (7, 12).  Our  laboratory  has 
recently  constructed  a  TthIII-1  -  TaqI  subclone  of  hlyA  [see  figure  l-I]-  The  insert 
starts  at  an  unique  TthIII-1  site  corresponding  to  HlyA  aa  66  and  then  encodes  the 
remainder  of  HlyA  past  the  HlyA  carboxyl  terminus  through  to  a  TaqI  site  at  the 
proximal  end  of  hlyB.  When  this  subclone  is  put  in  trans  to  a  second  plasmid  encoding 
hly  C,  B  and  D,  the  recombinant  cells  secrete  extracellularly  a  95  kDa  polypeptide 
which  has  approximately  10%  of  the  hemolytic  activity  of  wild  type  HlyA  encoded  by 
pWAM04  (Pellett  and  Welch,  in  preparation).  This  result  suggests  that  although  the 
HlyA  amino  terminal  sixty  six  amino  acids  may  play  a  role  in  facilitating  HlyA  cytolytic 
activity,  that  region  of  HlyA  is  not  required  for  intact  function. 

Ludwig  et  al  isolated  a  HlyA  carboxyl  terminal  37  amino  acid  deletion  which  retained 
hemolytic  activity  (18).  Felmlee  and  Welch  isolated  a  HlyA  frame  shift  mutation  lacking 
the  197  carboxyl  terminal  amino  acids  of  HlyA  which  also  retained  hemolytic  activity 
[see  figure  1-J]  (10).  Together  with  the  data  discussed  above,  it  is  apparent  that  neither 
of  the  HlyA  termini  are  required  and  that  a  substantial  portion  of  HlyA  can  be  deleted 
without  loss  of  complete  activity. 

HlyA-mediated  cytolysis  is  known  to  be  calcium  dependent  (3).  The  discovery  of  the 
glycine  rich  repeats  from  aa  721-849  led  to  the  early  speculation  that  they  may  function 
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Figure  1.  FllyA  Structure  and  Function.  Line  A  shows  the  length  of  HlyA  [1023  aa]  in 
100  aa  blocks  marked  by  the  vertical  dashed  lines.  The  marks  labelled  with  M 
[methionine]  or  P  [proline]  show  the  location  of  those  amino  acids  within  HlyA.  Line  B 
shows  the  location  of  predicted  six  transmembrane  domains  [aa  92-114, 145-lf  O,  180- 
198, 237-259,  303-326  and  380-410].  Line  C  shows  the  location  of  the  eleven  most 
likely  surface  domains  which  are  described  and  ranked  in  the  text.  Line  D  shows  the 
areas  where  B  -turns  are  likely  to  occur  in  HlyA.  Line  E  indicates  the  location  [aa  614- 
649,  721-801  and  814-849]  of  three  groups  of  tandem  arrays  of  the  LXLLXGNDX 
repeats.  Line  F  shows  the  presence  of  four  copies  (aa  29-42,  260-273, 295-308  and 
381-394]  of  the  ASAAAGAVAAAXG  repeat  originally  recognized  in  the  Bordetella 
pertussis  adenyl  cyclase/hemolysin  by  Glaser  et  3  (1 1).  Lines  G  and  H  indicate  the 
general  location  of  epitopes  for  different  anti  HlyA  MAbs.  Line  G  indicates  the  three 
regions  where  neutr3izing  MAbs  recognize  HlyA.  Line  H  indicates  tiie  location  for  the 
epitopes  of  seven  nonneutralizing  MAbs.  Line  !  indicates  the  encoding  region  for  the 
hemolytically  active  95  kDa  HlyA  ajnino-terminal  truncate  produced  by  a  Tthllll-Taql 
subclone  described  in  the  text.  Line  J  shows  the  encoding  region  for  the  hlyA  Bglll 
frame  shift  mutant  that  produces  a  surface  bound,  hemolytically  active  form  of  HlyA 
(10).  At  the  very  bottom  of  the  figure  (K)  is  a  model  for  the  smucture  and  topology  of 
HlyA  inserted  in  a  target  membrane.  Shown  are  the  six,  numbered  potential  membrane 
spanning  regions;  the  proline-rich,  8-tum  domain  [aa  490-580];  the  626-721  domain 
where  the  epitope  for  a  completely  neutralizing  MAb  resides;  the  glycine-rich,  B-tum 
rich,  Ca2+  binding  domain  and  lastly,  the  carboxyl-terminal  extracellular  release  signal 
(19). 
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in  HlyA  binding  of  Ca2+  (26).  The  repeats  are  known  to  be  required  for  detectable 
hemolytic  activity  (10).  The  recent  construction  of  HlyA  mutations  lacking  integral 
numbers  of  the  repeats  resulted  in  mutants  that  are  dependent  on  increased 
concentrations  of  Ca2+  for  hemolytic  activity  (17).  Recently  one  of  us  has  found  HlyA 
which  is  separated  by  SDS-polyacrylamide  gel  electrophoresis  can  be 
clectrophoretically  transfen^  to  nitrocellulose  where  it  is  now  capable  of  binding 
45Ca2+  (Boehm  et  al,  manuscript  in  preparation).  Therefore,  we  believe  a  direct  analysis 
of  the  role  that  the  repeats  play  in  Ca2-^  binding  can  be  snidied. 

The  extracellular  secretion  of  HlyA  is  a  fascinating  and  complicated  event  Advances 
have  b«n  made  in  the  identification  of  the  HlyA  intragenic  targeting  signal(s)  for 
secretion  across  the  E.coii  envelope  into  the  rnedia.  The  export  of  HlyA  clearly  does  not 
involve  cleavage  of  an  amino  terminal  leader  peptide  (8).  Mackman  et  al  demonstrated 
that  a  signal  for  release  of  HlyA  from  the  cell  surface  resides  in  the  carboxyl-terminal  23 
kba  region  (19).  Deletion  of  1 1  of  the  13  repeats  in  the  aa  721-849  region  causes  a  two 
to  three  fold  reduction  in  the  rate  at  which  HlyA  is  exported  via  an  apparent 
nonperiplasmic  route  of  secretion  (10). 

Two  laboratories  have  reported  the  isolation  of  anti  HlyA  MAbs  where  in  one  instance 
the  MAbs  neutralized  hemolytic  activity  (24)  and  in  the  second,  no  neutralizing  MAbs 
were  found  (13).  In  neither  instance  were  the  HlyA  epitopes  for  the  MAbs  identified. 
We  have  recently  isolated  a  panel  of  12  MAbs  to  HlyA  (Welch  et  al,  submitted).  The 
MAbs  were  used  in  immunoblots  containing  various  HlyA  mutants  and  cyanogen 
bromide  cleavage  fragments  of  HlyA.  The  immunoblotting  reactivity  enabled  us  to  map 
the  MAb  epitopes  to  contiguous  regions  of  HlyA  ranging  in  size  from  28  to  103  amino 
acids.  In  addition,  S  of  the  12  MAbs  either  completely  or  partially  neutralize  hemolytic 
activity.  A  low  resolution  map  of  the  location  of  those  five  MAb  HlyA  epitopes  is 
reviewed  in  Figure  1-G.  Three  of  the  MAbs  have  epitopes  within  the  first  194  amino 
acids  and  these  MAbs  only  partially  neutralize  hemolytic  activity.  This  is  consistent 
with  the  mutational  results  describe  above  that  indicate  the  amino  terminal  region  of 
HlyA  may  facUitate  hemolytic  activity.  The  amino  terminal  region  is  likely  to  aid  the 
fonmtion  of  a  competent  HlyA  conformation  made  up  of  a  core  functional  sequence 
from  approximately  aa  100  through  to  829.  One  of  the  MAbs  has  as  potent  a 
neutralization  ability  as  our  anti  WyA  polyclonal  antiserum.  The  epitope  for  this  MAb 
lies  between  aa  626  and  726  which  suggests  that  a  previously  unrecognized  functional 
domain  exists  here.  Likely  candidates  for  such  additional  functional  domains  are  the 
site  of  the  cation  selective  pore  (1, 20)  and  the  site  of  HlyC  modification  (22). 

We  have  devised  a  model  for  the  structure  of  HlyA  as  it  is  associated  with  a  target  cell 
membrane  which  is  based  on  the  data  and  predictions  described  above.  That  model  is 
shown  at  the  bottom  of  Figure  1.  At  this  time  we  do  not  know  the  inside-outside 
orientation  of  HlyA  with  the  membrane.  We  predict  that  there  are  at  least  six 
transmembrane  domains.  Brandi  and  Deber  hypothesize  that  proline  residues,  which 
are  commonly  found  in  the  tnnsmembrane  region  of  transport  proteins  but  are  only 
rarely  observed  in  the  transmembrane  region  of  nontransport  proteins,  participate  in  the 
cis-trans  isomerization  of  X-pro  bond(s).  The  isomerization  results  in  conformational 
changes  necessary  for  ion  transport  or  alternatively  this  leads  to  the  creation  of  X-pro 
carbonyl  groups  within  an  intramembranous  domain  which  can  act  as  cation  ligand  sites 
(2).  There  are  proline  residues  in  three  of  the  putative  HlyA  transmembrane  domains  [# 
1, 4  and  6,  Figure  1-B,  K].  Therefore  it  may  be  speculated  that  the  #4  and  #6  domains 
comprise  the  HlyA  cation  selective  channel  and  that  perhaps  HlyC  is  involved  in  ptoline 
modifications  at  those  sites.  Downstream  from  the  transmembrane  domains  are  two 
separate  domains  which  are  rich  in  potential  B  -  turns.  The  region  from  aa  490-580 
harbors  two  of  the  most  likely  surface  areas  predicted  from  the  Emini  algorithm  [see 
Figure  1-C].  The  epitope  for  one  of  the  neutralizing  MAbs  lies  within  this  region.  The 
second  B  -  turn  rich  region  encompasses  the  glycine-aspartate  repeat  region  which  is 
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likely  to  be  responsible  for  HlyA  calcium  ion  binding.  It  is  important  to  point  out  that 
there  arc  three  additional  copies  of  the  repeats  in  this  area  of  the  HlyA  sequence  which 
were  previously  unrecogniz^.  They  occur  tandemly  beginning  at  aa  614  and  continue 
through  to  aa  626. 

The  core  HlyA  structure  necessary  for  hemolytic  activity  based  on  our  mutant  analysis 
would  therefore  comprise  transmembrane  domains  3  through  6,  the  first  B-tum  rich 
domain,  the  surface  domain  present  within  aa  626-721  and  the  second  B-tum  rich 
domain  made  up  of  the  glycine-aspartate  repeats. 

Discovery  of  a  second  gram  negative  hemolysin  gene  family.  An  epidemiological 
survey  of  different  bacterial  species  producing  HlyA-like  polypeptides  revealoJ  that 
Proteus  vulgaris  isolates  produce  a  second,  unrelated  hemolysin  [HpmA]  which  has 
calcium-independent  activity  (25).  We  find  by  DNA-DNA  hybriihzadon  that  hpmA-like 
sequences  are  present  in  all  of  our  P.  mirabilis  isolates  ln=65]  and  in  the  majority  of  P. 
vulgaris  strains  [n=19]  present  in  our  collection  (Swihart  and  Welch,  in  preparation). 
This  stands  in  clear  contrast  to  the  case  for  hlvA-like  sequences  among  ftoteus  species 
where  we  find  that  only  rare  isolates  of  P.  vulgaris  unambiguously  possess  hlvA  and  its 
linked  accessory  hlvB  and  hlvD  sequences.  In  terms  of  the  dissemination  of  hpmA.  we 
do  not  detect  any  related  sequences  among  other  members  of  the  Enterobactcriaccae 
using  an  internal  hpmA  sequence  as  a  hybridization  probe  (25).  However,  as  we  will 
describe  below  any  conclusions  based  on  those  negative  results  are  premature. 

Inorder  to  examine  the  relative  contribution  of  HpmA  to  the  hemolytic  activity  of 
Proteus  mirabilis  and  to  test  the  role  of  HpmA  in  Afferent  animal  nvxlels  of  Proteus 
disease,  we  isolated  a  P.mirabilis  mutant  with  a  1689  basepair  internal  deletion  of  the 
chromosomal  hpmA  sequence  (Swihart  and  Welch,  in  preparation).  The  mutant 
produces  no  detectable  extracellular  or  cell-associated  hemoly^c  activity  when  late  log 
phase  cultures  are  tested  in  a  quantitative  liquid  hemolytic  assay.  Therefore  we  conclude 
that  even  if  we  are  failing  to  detect  hlyA-like  sequences  in  this  strain  of  P.  mirabilis 
because  of  prohibitive  sequence  divergence,  HpmA  alone  appears  to  be  responsible  for 
detectable  hemolytic  activity. 

The  original  HpmA -encoding  recombinant  plasmid,  pWPMKX)  contained  an  5395 
base  pair  Xhol  fragment  insert  (25).  The  early  mini  cell  analysis  of  pWPMlCO-encoded 
polypeptides  indicated  that  HpmA  is  140  kDa  in  molecular  size  and  apparently  is  the 
only  nonvector  product  of  pWPMKX)  (25).  We  have  recently  completed  analysis  of  the 
DNA  sequence  of  the  Xhol  insert  (Uphoff  and  Welch,  manuscript  submitted).  An  open 
reading  frame  capable  of  encoding  HpmA  is  present,  however  its  3'  end  stops  at  one  of 
the  Xhol  insert  sites.  At  the  5'  end  of  the  HprnA  sequence  there  appears  to  be  a  typical 
leader  peptide  for  a  secreted  protein  which  suggests  that  HpmA  is  secreted 
extracellularly  by  a  non-HlyA  mechanism  probably  utilizing  the  common  sec  gene 
products.  We  sec  within  the  DNA  sequence  upstream  of  hpmA.  an  open  reading  for 
polypeptide  with  a  predicted  molecular  size  of  63  kDa  [HpmB).  It  seems  likely  that  if 
HpmB  is  in  fact  encoded  within  this  open  reading  frame  it  was  previously  undetected  in 
the  mini  cell  analysis  because  33S-  methionine  was  used  as  the  radiolabel  and  aside 
from  the  methionine  at  the  putative  start  site  of  this  product,  there  are  no  other 
methionines  within  its  amino  acid  sequence.  Compounding  the  problem  is  the 
likelihood  that  HpmB  is  also  a  secreted  protein  because  it  possesses  a  match  to  the 
consensus  for  a  leader  peptide  and  its  processing  site. 

We  have  performed  a  search  of  the  international  data  bases  containing  different  DNA 
and  protein  sequences  for  sequence  similarity  matches  for  hpmA  and  hpmB  and  their 
products.  We  have  not  detected  any  significant  similarities  to  any  entries  in  those  data 
bases.  However,  because  the  hpm  size  and  gene  arrangement  is  reminiscent  of  the  shlA 
and  shlB  hemolysin  genes  of  Serratia  marcescens  (23),  a  comparison  of  HpmA  and 
HpmB  sequences  to  the  Shi  products  was  performed.  Despite  the  fact  that  the  respective 
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genes  have  quite  different  guanine  plus  cytosine  content  there  is  just  over  50%  identity 
in  their  gene  and  amino  acid  sequences.  A  summary  of  the  Hpm  and  Shi  comparisons 
are  shown  in  figure  2.  Therefore  our  earlier  attempts  at  detecting  hpmA-like  sequences 
in  Serratia  were  thwarted  because  the  gene  sequence  divergence  was  great  enough  to 
make  probe  hybridization  impossible.  We  are  presently  examining  whether  we  can 
detect  HpmA-like  antigenic  determinants  among  other  bacterial  species 


Comparison  of  Proteus  mirabilis  and  Serratia  marcescens  hemolysins 
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Pbole  and  collaborators  demonstrated  that  ShlB  acts  as  an  activator  of  ShlA  (23).  We 
have  made  a  similar  observation  where  we  find  that  HpmB  activates  HpmA.  This 
further  establishes  the  pattern  initially  observed  with  HlyC  and  HlyA  where  hemolysin 
structural  genes  are  often  found  closely  linked  to  genes  whose  products  activate  the 
cytolytic  toxins  by  an  unknown  mechanismfs). 

ShlA  appears  to  be  in  the  class  of  pore  forming  cytolytic  toxins  similar  to  HlyA  (1, 
20).  As  of  yet  we  do  not  have  any  information  regarding  the  functional  consequences 
of  HpmA  attack  on  erythrocytes.  The  different  sequence  algorithms  applicable  to  the 
structure  of  HpmA  do  not  reveal  any  striking  differences  to  those  projected  for  ShlA 
with  the  exception  that  HpmA  is  preidicted  to  have  a  pi  significantly  more  acidic  than 
ShlA. 

In  conclusion,  we  have  used  a  variety  of  approaches  to  develop  a  relatively  detailed 
model  for  the  structure  and  function  of  HlyA.  HlyA  is  the  prototype  determinant  for  a 
hemolysin-leukotoxin  gene  family  that  is  found  in  a  wide  variety  of  gram  negative 
animal  and  human  pathogens.  In  the  future,  we  will  apply  similar  strategies  to  the 
analysis  of  HpmA  which  may  be  found  disseminated  in  genera  other  than  Proteus  and 
Serratia.  This  seems  a  likely  prospect  given  the  strong  Hpm  and  Shi  sequence 
conservation  but  wide  divergence  in  their  guanine  plus  cytosine  content. 
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ABSTRACT 

Hemolysin  is  transported  out  of  the  E.  coli  cell  using  a 
specialized  export  apparatus  consisting  of  HlyB  and  HlyD 
and  topogenic  signals  at  the  C-terminus  of  the  protein 
itself.  Signal  sequences  in  HlyA  were  delineated  using  a 
combined  genetic  and  immunological  approach  to  construct  a 
nested  set  of  N-terminal  truncated  mutant  proteins.  Thus  it 
was  possible  to  functionally  reduce  a  macromolecular 
protein  transport  system  into  one  mediating  peptide 
transpoirt.  The  smallest  peptides  detected  showing  transport 
competence  consisted  of  60  amino  acids.  The  implication  of 
these  observations  for  an  understanding  of  the  mechanism 
of  transport  is  discussed. 
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INTRODUCTION 

•■'imolysin  of  E.  coli  is  among  the  members  of  a  new  and 
temerging  family  of  bacterial  cytotoxins  (Rtx-toxins)  widely 
dxsseminated  in  gram-negative  bacteria.  They  have  in  common 
tw?  characteristic  features:  the  presence  of  a  series  of 
repeated  domains  rich  in  glycine  and  aspartic  acid  at  the 
C-terminal  end  of  the  toxin  molecule  (2,5)  and  a  unique 
mode  of  secretion  cf  that  molecule  into  the  extracellular 
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compartment  without  the  involvement  of  a  classical  N- 
terminal  signal  sequence  (1).  The  transport  of  these  toxins 
across  the  inner  and  outer  membrane  of  the  gram-negative 
cell  is  dependent  on  a  specialized  export  apparatus  that  is 
believed  to  catalyse  its  translocation  through  a  C- 
terminal  topogenic  signal  in  the  toxin  molecule  itself 
(3,4,6). 

Hemolysin  is  the  only  protein  genuinely  excreted  by  E. 
coll.  To  understand  ^he  mechanism  whereby  hemolysin  is 
secreted,  we  used  a  combined  genetic  and  immunological 
approach  to  systematically  scan  the  hemolysin  molecule  for 
topogenic  sequences  mediating  transport. 


RESULTS  AND  DISCUSSION 

Capitalizing  on  the  ability  of  a  bacterial  cell  expressing 
HlyB  and  HlyD  to  recognize  and  decode  secretion  signals  in 
the  hemolysin  molecule  we  performed  a  systematic  search  for 
transport-mediating  sequences  in  the  C-terminal  region  of 
the  toxin  molecule  by  deleting  unidirectionally  the  coding 
region  of  its  gene.  Fusions  of  these  mutations  to  the  same 
restriction  fragment  harboring  transcription  and 
translation  initiation  signals  created  a  nested  set  of 
deletion  mutants  controllable  by  identical  signals  of  gene 
expression  that  were  screened  for  transport  competence 
using  an  immunological  approach.  Colony  blots  of  these 
bacteria  were  performed  using  hemolysin-specific  antibodies 
affinity-purified  on  one  of  the  smaller  peptides.  From  3000 
clones  screened  approximately  300  positive  clones  were 
obtained.  A  hundred  positive  clones  were  further  analysed 
by  SDS  polyacrylamide  gel  electrophoresis  and  immuno- 
blotting  of  TCA  precipitated  cell-free  culture  supernatants 
in  order  to  determine  the  molecular  weight  distribution  and 
the  amount  of  protein  secreted. 

The  successful  isolation  of  mutants  demonstrated  that  it 
was  possible  to  functionally  reduce  a  macromolecular 
protein  transport  system  into  one  mediating  peptide 
transport.  Hence  we  found  that  up  to  95%  of  wild  type 
hemolysin  sequences  are  dispensable  with  respect  to 
functions  involved  in  transport  under  conditions  of  steady 
state.  A  subset  of  clones  comprising  of  the  smallest  ones 
secreted  most  efficiently  in  the  respective  molecular 
weight  range  were  further  analysed  in  detail  and  their 
sequence  determined.  These  data  revealed  (a)  no  involvement 
of  the  repetitive  domain  of  hemolysin  protein  in  its 
transport,  (b)  a  dependence  of  transport  efficacy  on 
molecular  weight  with  an  optimum  at  about  110  amino  acids 
and  (c)  a  lower  limit  in  size  for  transport  competence  at 
60  amino  acids  of  length  with  a  smaller  region  -27  to  -37 
amino  acids  from  the  C-terminal  end  being  absolutely 
necessary  for  transport. 
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We  conclude  that  the  C-terminal  end  of  the  1024  amino  acids 
long  hemolysin  molecule  is  composed  of  a  distinct  domain  of 
at  least  60  amino  acids.  This  domain  would  provide  con¬ 
formational  flexibility  and  hence  functions  not  merely  as  a 
topogenic  signal  in  transport  but  also  as  a  source  of 
energy  for  extrusion  of  the  remainder  of  the  polypeptide 
out  of  the  bacterial  cell. 
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INTRODUCTION 

A  107  kOa  hamolysin  causes  the  virulence  of  some  strains  of 
Escherichia  coli  (1).  This  toxin  lyses  RBC  by  an  osmotic  shock 
due  to  the  formation  of  hydrophilic  pores  in  the  cell  wall. 
The  channel  can  also  be  studied  in  model  systems  such  as 
planar  lipid  membranes  (2,3)  and  unilamellar  vesicles  (4). 
Here  we  present  some  information  on  the  molecular  architecture 
of  the  pore  derived  from  its  electrical  properties. 


MATERIALS  AND  METHODS 

Liophilyzed  E.coli  hemolysin  (donated  by  S.Bhakdi)  was  kept 
frozen,  after  reconstitution  its  hemolytic  activity  was 
usually  1000-2000  HU/ml .  Planar  bilayers  were  prepared 
apposing  two  monolayers  on  a  hole  in  a  teflon  foil  separating 
two  solutions  (2,3).  Lipids  used  were  phopsphatidy Icho 1 ine 
(PC)  alone  or  in  a  1:1  mixture  with  phosphatidylserine  (PS). 
The  toxin  was  added  to  one  side  only  (called  cis),  voltage 
signs  referred  to  this  side.  The  current  flowing  through  the 
membrane  was  recorded  under  voltage  clamp  conditions. 

l/p* 


CIS 


Fig . 1 .  Current  steps  induced  by  2  HU/ml  E.coli  hemolysin  in  a 
PC  bilayer  bathed  by  0.1  M  KCl  at  pH  5.0.  Applied  voltage  was 
-20  mV.  Downward  deflections  are  due  to  the  opening  of  ionic 
channels,  upward  steps  indicate  closing.  Up  to  three  channels, 
of  conductance  100  pS,  can  be  seen  fluctuating  in  this  trace. 
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RESULTS 

E.coli  hemolysin  induces  current  steps  in  lipid  membranes  due 
to  the  opening  of  ionic  pores,  Fig.l.  In  neutral  membranes  the 
pore  is  ohmic,  cation  selective  and  its  conductance  is 
proportional  to  the  salt  concentration.  We  explain  these 
results  in  terms  of  a  simple  model  which  assumes  that  the  pore 
is  wica  and  bears  a  negative  fixed  charge  on  its  walls  (S).  We 
confirmed  the  presence  of  a  charge  by  studying  the  pH 
dependence  of  the  conductance  and  the  selectivity.  Both 
decrease  at  low  pH  because  of  neutralization  of  the  charge. 
Table  1.  In  membranes  containing  the  acidic  lipid  PS  the 
conductance  is  non-ohmic  in  such  a  way  to  suggest  that  the 
trans  (but  not  the  cis)  entrance  of  the  pore  is  affected  by 
the  surface  potential  of  the  membrane.  Applying  our  model  we 
find  that  the  trans  and  cis  entrances  are  located  respectively 
about  0.5  nm  and  more  than  5  nm  apart  from  the  plane  of  the 
membrane.  We  confirmed  the  asymmetric  disposition  of  the 
channel  by  enzymatic  digestion  of  preformed  pores  which  was 
effective  only  from  the  cis  side  (5). 


Table  1 .  Effects  of  pH  on  the  single  channel  conductance, 
G,  and  the  ionic  selectivity  of  the  E.coli  hemolysin  pore. 
P(K+)  and  P(Cl-)  are  respectively  potassium  and  chloride 
permeability 

pH  0  (p3)  P(K+)/P(Cl-)  ^ 


4.6 

0.2 

80 

10 

1 . 1 

0.1 

5.0 

± 

0.1 

100 

10 

2.1 

± 

0.2 

5.5 

i 

0.1 

160 

> 

15 

4.7 

0.5 

7.4 

± 

0.1 

270 

20 

14.6 

1.9 

8.7 

+ 

0.2 

420 

30 

24.3 

+ 

4.2 
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ABSTKACT 

Hydatid  cyst  fluid  from  sheep  Infected  with  Echinococcus  granulosus 
contains  a  PI  blood  group  antigen  specific  glycoprotein  (Plgp)  which 
has  a  terninal  Galal *4Gal  disaccharide  moiety.  This  disaccharide 
is  known  to  bind  Shiga  toxin  (ShT)  and  Shiga-like  toxin  II  (SLT  II). 
We  have  shown  that  a  component  of  hydatid  cyst  fluid,  likely  the 
Plgp,  is  able  to  inhibit  the  binding  and  cytotoxicity  of  ShT  to  HeLa 
cells.  We  have  also  shown  that  ShT  and  SLT  II  can  be  quantified  by 
an  ELISA  using  Plgp  as  the  capture  molecule.  This  ELISA  is  able  to 
detect  both  toxins  in  subnanograam  amounts.  Plgp  bound  to  Sepharose 
4B  formed  an  affinity  matrix  that  was  capable  of  purifying  both  ShT 
from  S.  dyscnteriae  and  SLT  II  from  E.  coli  C600W  in  one  step. 


INTRODUCTION 

Shiga  toxin  from  S.  dyscnteriae  and  Shiga-like  toxins  I  and  II  from 
E.  coli  have  the  following  in  common; 

-Biological  characteristics  (entertoxic,  neurotoxic,  cytotoxic) 
-Mechanism  of  action  (glycosidase  activity  at  A4324  of  28S  rRNA) 
-Binding  specificity  (Galal -»4Gal) 

Hydatid  cyst  fluid  from  sheep  infected  with  Echinococcus  granulosus 
contains  a  glycoprotein(s)  that  has  PI  blood  group  activity.  PI  has 
a  terminal  Galal-»4Gal  disaccharide  and  has  previously  been  shown 
to  bind  Shiga  toxin.  We  demonstrate  that  the  cyst  fluid  PI  glyco¬ 
protein  and  Shiga  and  Shiga-like  toxins  interact,  and  investigate 
the  usefulness  of  this  interaction  in  the  quantitation  and 
purification  of  these  toxins. 
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METHODS 

1.  Plgp  of  varying  degrees  of  purity  was  preincubated  with 
ixi-ShT.  The  mixture  was  added  to  HeLa  cell  monolayers  and 
both  toxin  binding  and  cytotoxicity  determined. 

2.  Crude  Plgp  from  hydatid  cyst  fluid  was  bound  to  ELISA  plates, 
blocked  with  bovine  serum  albumin  and  then  exposed  to  ShT  or  SLT  II. 
A  polyclonal  antibody  to  toxin  was  followed  by  a  goat  anti-IgG 
alkaline  phosphatase  conjugate  and  substrate. 

3.  An  affinity  column  of  purified  Plgp  bound  to  Sepharose  4B  was 
prepared  and  either  crude  lysate  of  S.  dysenteriae  or  an  ammonium 
sulfate  precipitate  of  E.  coli  C600U  supernatant  was  added.  This 
was  washed  with  phosphate  buffered  saline,  IM  NaCl  and  toxin  eluted 
with  4.5M  MgCl,. 


RESULTS 

1.  Plgp  inhibited  ^>’.-ShT  binding  to  HeLa  cells  in  a  dose 
dependent  way  and  also  inhibited  ShT  related  cytotoxicity. 

2.  Crude  Plgp  bound  to  ELISA  plates  was  able  to  detect  as  little 
as  80pg  ShT  and  130pg  SLT  11. 

3.  Plgp  bound  to  Sepharose  48  could  be  used  as  a  one  step  affinity 
matrix  to  purify: 

-ShT  from  S.  dysenteriae  lysate 
-SLT  II  from  E.  coli  C600W  supernatant 
Both  ShT  and  SLT  II  were  pure  by  SDS-PAGE  and  cytotoxic  to  HeLa 
cells . 


DISCUSSION 

We  have  been  able  to  use  PI  glycoprotein  from  hydatid  cyst  fluid 
to  inhibit  the  binding  and  cytotoxicity  of  ShT  to  HeLa  cells.  We 
have  also  been  able  to  use  Plgp  in  an  ELISA  that  is  able  to 
detect  both  ShT  and  SLT  11.  Finally  we  have  purified  both  ShT 
and  SLT  II  in  one  step  utilizing  Plgp  bound  to  Sepharose  4B  as 
an  affinity  matrix. 
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INTRODUCTION 


Cholera  Coxln  (CT),  encoded  by  the  ctx  operon  of  Vibrio  cholerae,  Is  an  84 
kOa  protein  composed  of  one  27  kDa  A  polypeptide  and  flvi'  11.5  kDa  B 
polypeptides.  Subunit  A  (fragment  Al)  has  ADP  rlbosyltransfetase  activity, 
and  subunit  B  binds  to  ganglloslde  GMl  receptor.  Amlno-aclds  In  the  mature 
103  amlno-acld  CT-B  polypeptide  that  have  been  Implicated  In  receptor  binding 
Include  Crp-88  (3,6),  gly-33  (10),  arg-35  (4)  and  either  or  both  of  the 
cysteines  9  and  86  (6)  which  form  an  Intramolecular  disulfide  bond.  We  have 
used  htciilfite-  and  oligonucleotide -directed  murr. genesis  of  ctxB  gene  cloned 
In  Escherichia  coll  to  study  the  B  subunit-receptor  interaction. 


MATERIALS  .\ND  METHODS 


Mutagenesis  of  cloned  ctxB  was  done  as  described  (7,8).  Mutants  were 
screened  by  radial  passive  Immune  hemolysis  assay  (RPIHA)  (1).  Mutant  genes 
were  characterized  by  DNA  sequencing  (9)  and  mutant  proteins  by  sandwich 
solid  phase  radioimmunoassay  (S-SPRIA)(2)  and  GMl-SPRIA  (5). 


RESULTS  AND  DISCUSSION 


Bisulfite  induced  mutations  (C  to  T)  were  generated  on  the  coding  strand 
of  CtxB.  Missense  mutations  that  gave  mutants  with  halo-negative  pheno¬ 
types  on  initial  screening  but  positive  halos  (generally  smaller  than  wild 
type)  when  expressed  at  higher  levels  in  the  presence  of  toxR  included  pro- 
2  to  leu,  ala-10  to  val,  thr-28  to  ile,  thr-41  to  ile  and  ala-46  to  val. 
These  mutants  produced  immunoreactive  toxin  that  also  bound  in  a  GMl-SPRI.A. 
In  contrast,  the  mutants  with  mutations  pro-93  to  leu  and  pro-93  to  ser  gave 
no  halos  under  any  conditions  and  produced  only  low  levels  of  immuno- reactive 
toxin  by  S-SPRIA.  This  phenotype  may  reflect  a  decreased  ability  of  CT-B  to 
pentamerize  or  an  increased  sensitivity  to  proteolysis. 
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Mutations  were  generated  at  cys-9,  gly-33,  arg-35,  cys-86  and  trp-88  using 
synthetic  oligonucleotides.  Each  cys  was  Independently  changed  to  ser  and  the 
double  mutant  also  constructed.  All  cys  mutants  were  halo-negative,  and  only 
the  ser-9  mutant  was  Immunoreactive  in  S-SPRIA.  Codons  33,  35  and  88  were 
mutagenlzed  with  degenerate  oligonucleotides,  and  individual  mutations  were 
sequenced  and  the  phenotypes  characterized.  All  replacements  for  gly-33  and 
trp-88  were  negative  by  RPIHA.  Most  arg-35  replacements  were  positive,  except 
glu,  asp  or  cys  (halos  faint,  none,  or  small  and  turbid  respectively). 

Mutant  proteins  were  quantitated  by  S-SPRIA.  All  mutants  with  substitutions 
for  gly-33  or  arg-35  produced  wild-type  levels  of  toxin  antigen.  However, 
missense  mutants  with  mutations  at  position  88  produced  substantially  less 
immunoreactive  protein  than  wild-type,  ranging  from  approximately  1000-fold 
less  for  ser-88  to  approximately  20-fold  less  for  gln-88.  No  trp-88 
substitution  produced  wild- type  levels  of  protein. 

Most  of  the  mutant  proteins  bound  to  ganglioside  GMl  (in  CMl-SPRIA)  as  well 
or  nearly  as  well  as  native  CT-B,  but  substitution  of  gly-33  by  asp-33  or 
glu-33  almost  completely  eliminated  binding  to  GMl.  Replacement  of  glu- 33 
with  gin  restored  binding,  indicating  that  a  negatively  charged  residue  at 
position  33  prevents  binding  to  GMl.  All  arg-35  missense  mutant  proteins 
bound  to  GMl,  implying  that  residue  35  is  not  involved  in  the  toxin- receptor 
Interaction.  For  mutants  with  mutations  at  position  83,  binding  in  the  GMl- 
SPRIA  was  proportional  to  immunoreactivity  in  S-SFRIA.  Trp-88  is  probably 
essential  for  structural  stability  of  the  CT-B  but  not  for  binding  to  GMl. 
The  cystine  bridge  formed  between  cys-9  and  cys-86  is  also  essential  for 
structural  stability  and  antigenicity  of  CT-B. 
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INTRODUCTION 

It  is  well  known  that  cholera  toxin  is  able  to  permanently 
activate  the  adenylate  cyclase  system,  in  this  respect 
numerous  studies  have  been  carried  out  (1) .  In  addition 
cholera  toxin  elicits  a  potent  immunoadjuvant  effect, 
particularly  in  the  mucosal  tissues  (2).  This  phenomenon  is 
likely  due  to  B  subunit  because  the  binding  to  ganglioside 
GMl  affects  the  membrane  properties  and  this  in  turn  might 
trig  immunomodulation.  However  A  subunit  could  also 
contribute  to  enhance  the  immune  response  because  of  its 
ability  to  activate  the  adenylate  cyclase.  Another 
possibility  may  be  related  to  the  capacity  of  Al  to  insert 
in  the  lipid  bilayer  (3).  The  aim  of  the  present  work  is  to 
render  feasible  the  use  of  the  A2  subunit  as  a  natural 
carrier  of  other  antigens.  In  fact  A2  interacts  with  B5 
oligomer  and  it  represents  the  anchor  domain  for  the  Al.  For 
this  reason  we  carried  on  experiments  designed  for  preparing 
fragment  of  A  subunit  containg  A2. 


RESULTS 


Fragmentation  of  A  subunit  was  performed  with  CNBr  at  a 
reagent  protein  ratio  30:1.  This  was  compared  with  the  CNBr 
fragmentation  of  the  cholera  toxin  which  was  executed  at 
varying  molar  ratio,  namely  10-30-60.  SDS-PAGE  analysis 
shows  tha  among  several  peptides,  one,  corresponding  to  a 
molecular  weight  of  16000  (  A16  )  seems  the  major  product. 
Under  A  subunit  primary  structure  analysis  the  A16  is  the 
part  of  A  subunit  starting  at  methionine  94  and  comprising 
the  A2  subunit. 

In  order  to  purify  the  fragments  we  use  the  HPLC  system  by 
employing  the  Nucleosil  C8  reversed-phase  columns  10  /im.  Two 
gradient  programs  were  used  to  obtain  the  profile  shown  in 
Fig.  1.  The  peak  content  was  analised  in  SDS-PAGE  and  it 
appeared  that  the  4th  peak  is  mainly  formed  by  A16. 

The  A16  was  assayed  for  ADP-Ribosylating  activity  but  no 
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residual  activity  was  found  in  that  peptide. 


■UITION  TIMI  (MIN) 

Fig.  1  Fractionation  of  cholera  toxin  after  digestion  of 
CNBr  on  HPLC  with  Nucleosil  C8  reversed-phase  10  iim 
column  (  25  X  46  mm  I.D.  ).  A  gradient  elution 
system  of  0.1  %  (TFA)  and  2-propanol,  total  elution 
time  is  75  min. 


CONCLUSIONS: 


1)  It  was  set  up  a  method  which  makes  use  of  HPLC  system  to 
seperate  and  purificate  fragments  of  cholera  toxin. 

2)  The  major  peptide  we  obtained  is  a  fragment  of  Al 

subunit  starting  at  the  94th  residures  (  molecular  weight 
11215  )  which  is  jointed  to  A2  subunit  through  a  disufide 

bond,  all  together  have  16463  molecular  weight  and  they  are 
named  A16. 

3)  A16  does  not  elicit  any  biological  activity,  this  can  be 
due  to  several  reasons.  However,  we  advanced  two  possible 
explanations,  CNBr  may  split  off  the  peptide  of  Al  subunit 
possesing  the  active  site  or  the  peptide  which  is  crucial 
for  refording  of  Al  subunit  in  active  form.  The  second 
explanation  is  inferred  by  the  obvervation  that  the  Al 
biological  activity  was  lost  evenwhen  CNBr  treatments  were 
mild  and  did  not  produce  no  more  than  10%  of  fragmentation, 
this  seems  to  suggest  that  some  other  secondary  reaction 
occurs,  probably,  modifications  of  residues  like  tryptophan 
and  tyrosin  which  plan  an  important  role  in  Al  conformation. 
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INTRODUCTION 

Cholera  toxin  is  a  multisubunit  protein  produced  as  two 
peptides  A  and  B  which  are  assembled  in  the  periplasm  as 
AB5.  The  toxin  is  exported  in  the  medium  and  concomitantly 
A  subunit  is  cleaved  by  a  trypsin  like  enzyme  in  two 
peptides  Al  and  A2  which  are  joined  by  a  disulfide  bond  ( 
1-2  ) .  The  toxin  can  be  isolated  and  purified  from  the 
bacteria  culture  medium  in  both  nicked  and  unnicked  forms 
(  1  ) .  The  percentage  of  the  two  forms  may  vary  in 
dependence  of  either  the  presence  of  EGTA,  inhibitor  of  the 
vibrio  cholerae  protease  responsible  of  the  specific 
cleavage  or  culture  conditions  (  2  ) .  An  additional 
heterogeneity  of  cholera  toxin  preparation,  particularly 
those  which  are  commercial,  is  due  to  different  charge 
content.  Firstly  described  and  separated  as  in  (  3  )  their 
presence  seems  the  cause  of  poor  and  unreliable  crystal 
formation  (  4  )  . 

Here  we  give  an  account  of  a  method  for  separating  the 
different  cholera  toxin  species.  The  method  makes  use  of  an 
anion  exchange  column  in  HPLC  system. 


RESULTS 

Fig.  1  shows  a  typical  chromatogram  profile  of  a  CT 
preparation  at  a  purity  degree  similar  to  a  commercial  one. 
The  first  two  peaks  are  poor  resolved  and  the  second  one 
possesses  a  shoulder.  The  protein  content  was  analised  in 
PAGE  both  in  SDS  and  in  native  condition  with  and  without 
reducing  agents.  The  results  showed  that  the  first  peak  is 
mainly  unnicked  toxin.  The  second  and  the  third  peaks,  when 
analysed  in  SDS-PAGE  in  reducing  condition  appear  to  be  two 
identical  nicked  forms.  By  contrast  native  PAGE  when 
reducing  conditions  were  employed  evidentiated  that  the  Al 
subunit  of  the  third  peak  was  more  negative  charged  than 
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the  A1  of  the  second  peak.  In  order  to  establish  whether 
the  differences  may  have  a  role  in  a  mechanism  of  action, 
we  carry  on  experiments  with  the  two  different  species  of 
cholera  toxin.  Thus,  A1  lipid  insertion,  circular  dichroism 
and  enzymic  activity  were  performed.  Only  ADP-  ribosylation 
revealed  differences  in  Vmax  but  no  in  Km,  probably  due  to 
greater  interaction  of  A1  subunit  with  polyarginine, which 
we  used  as  substrate. 


a 


cauv;  LXB  DEAE  5PW  -  21,5X150  m 
TIM  TKTE:  2.5  ml/tain 
BUFECT:  A:  45  r»I  Tris  Acetate  pH  7.15 
B:  A  ♦  400  nM  Na  Acetate 
PSasWM:  25  min.  A  100» 

25  min.  A  SO«  B  505 
5  min.  B  1005 


CONCLUSIONS 


Different  species  of  cholera  toxin  were  isolated  from 
commercial  preparations.  The  HPLC  system  we  used  is  also 
able  to  separate  unnicked  and  nicked  species.  Furthermore 
we  characterizes  two  species  of  nicked  which  are  different 
for  the  negative  charge  of  Al. 
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INTRODUCTION 

The  heat-labile  enterotoxins  (LTs)  of  E.  coli  are  immunologically, 
structurally  and  functionally  similar  to  cholera  enterotoxin  (CT)  (1).  In  this 
report,  we  introduce  a  simple  technique  to  examine  the  immunologic  cross¬ 
reactivities  of  the  B-subunits  of  CT-related  enterotoxins. 


MATERIALS  AND  METHODS 

Antigens  are  immobilized  on  a  solid  phase  membrane  in  parallel  lanes  or 
channels  using  a  miniblot  apparatus.  Primary  antibodies  are  applied  in 
channels  perpendicular  to  the  antigen  and  reactions  are  developed  with 
appropriate  secondary  antibodies  and  substrate.  The  positive  reactions  are 
small  colored  squares  that  give  a  "checkerboard"  appearance. 

Eight  different  antigens  (2)  were  used  in  this  study:  CTB-1  and  CTB-2; 
HLT-B-1  and  PLT-B;  and  four  genetically  engineered  chimeras,  pDL-2,  pDL- 
3,  pDL-5  and  pDL-7  (2),  in  which  individual  (or  two)  amino  acids  from 
HLT-B-1  were  substituted  for  the  corresponding  residue(s)  in  PLT-B. 
Antigens,  applied  in  the  native  state,  denatured  by  8M  urea,  or  as  CNBr- 
cleavage  products,  were  reacted  with  monoclonal  antibodies  (mAbs),  with 
pre-  and  post-convalescent  sera  from  ten  American  volunteers  with  induced 
cholera  (from  Dr.  M.  Levine),  and  with  hyperimmune  sera. 


RESULTS 

As  illustrated  in  the  Figure  (below),  different  cholera  convalescents 
responded  differently.  For  example,  the  convalescent  sera  of  subjects  4,6,9 
and  10  reacted  with  all  of  the  native  antigens  tested.  However,  subject  6 
clearly  had  a  stronger  response  to  CTB-2  than  to  CTB-1.  Interestingly, 
subjects  2  and  5,  apparently  exhibited  stronger  responses  to  the  CT-related 
toxins  than  to  CT  itself.  Subject  3,  with  strong  responses  to  CTB-1,  CTB-2 
and  HLT-B  also  responded  to  chimeras  with  HLT  Ala*®  (i.e.,  pDL3  and 
pDL5)  better  than  those  with  the  PLT-Glu*®  at  that  position.  Individuals 
responded  variously  to  the  urea- denatured  antigens  (lower  half  of  Fig.)  but 
none  responded  to  CNBr-digested  antigens  (not  shown). 


84  •  M.  Kazemi,  R.A.  Firkelstein 


MUMAW  SIHA 


Figure.  Reactions  of 
convalescent  (+)  and  acute 
(-)  sera  of  human  cholera 
patients  (L  to  R)  with  CT- 
related  antigens  (top  to 
bottom) . 


The  reactions  with  the  mAbs  in  the  "checkerboard  immunoblot"  were 
practically  identical  with  those  reported  earlier  in  ELISA  (2).  The 
monoclonal  antibodies  did  not  recognize  CNBr-digested  antigens. 

Rabbit,  horse  and  goat  polyclonal  hyperimmune  anti-CTB-1  recognized  both 
CTs  but  the  reaction  was  somewhat  stronger  with  the  homologous  antigen. 
Goat  anti-PLT  and  goat  anti-HLT  clearly  preferred  the  homologous  antigen. 
The  hyperimmune  .'.era,  interestingly,  recognize  some  of  the  CNBr-digested 
heterologous  proteins  better  than  the  same  proteins  in  the  denatured  and 
native  states.  Space  does  not  permit  discussion  of  other  reactions. 
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DISCUSSION 

It  is  evident  that  the  "Checkerboard  Immunoblot"  procedure  will  be  very 
useful  in  the  further  analysis  of  the  shared  and  unique  epitopes  in  the 
growing  family  of  the  CT-related  enterotoxins  and  should  be  equally 
applicable  to  studies  on  other  antigen /antibody  interactio.is.  In  the  past, 
emphasis  has  been  placed  on  the  relatedness  of  members  of  the  CT/LT 
family  to  each  other.  It  is  clear,  however,  from  the  present  and  previous 
observations,  that  the  "unrelatedness"  of  members  of  the  family  deserves 
further  scrutiny. 
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ABSTRACT 

Solution-phase  and  solid-phase  determinations  of  the  binding  of  a 
monoclonal  antibody  against  an  epitope  found  on  the  B  subunit  of  cholera 
toxin  have  been  made  using  holotoxin.  Although  ELISA  assays  demonstrated 
a  concentration-dependent  binding  of  the  MAb  to  immobil i zed  holotoxin,  no 
significant  binding  of  MAb  to  holotoxin  could  be  detected  by  size-exclu¬ 
sion  HPLC  analyses  or  ELISA-based  competition  experiments.  Some  possible 
explanations  for  this  discrepancy  include  recognition  of  a  denatured  form 
of  the  epitope  by  the  antibody  or  effective  enhancement  of  a  weak  binding 
constant  by  secondary  interactions  between  the  solid  phase  and  the  anti¬ 
body. 


INTRODUCTION 

Isoelectric  heterogeneity  of  cholera  toxin  appears  to  limit  the  for 
mation  of  crystals  suitable  for  x-ray  diffraction  (3).  All  preparations 
of  the  toxin  examined  by  isoelectric  focusing  were  found  to  be  isoelec¬ 
trical  1y  heterogeneous.  This  condition  may  be  a  result  of  isolation  pro 
cedure,  or  the  observed  heterogeneity  might  have  some  functional  rele¬ 
vance. 


At  least  two  hypotheses  can  be  advanced  to  suggest  functional  sig¬ 
nificance:  (A)  the  toxin  may  require  some  post-translational  modifica¬ 
tions  to  produce  a  charge  distribution  that  will  more  effectively  posi¬ 
tion  the  oligomer  on  the  membrane  receptor,  or  (B)  the  progressive  degree 
of  heterogeneity  may  serve  to  decrease  antibody  binding  to  the  toxin, 
thereby  reducing  the  effect  of  host  immune  response. 


RESULTS  AND  DISCUSSION 

Monoclonal  antibody,  MAb  TE33  (1)  was  the  generous  gift  of  Dr.  Chaim 
Jacob,  Stanford  University  Medical  School. 

No  significant  binding  of  cholera  toxin  to  the  MAb  TE33  could  be 
demonstrated  by  the  small-zone  size  exclusion  chromatography  method  (4) 
used  here.  The  expected  high  molecular  weight  peak  is  not  evident  and 
the  chromatogram  of  the  experimental  mixture  coincides  with  a  synthetic 
sum  calculated  by  adding  the  peak  areas  of  the  two  components  run  as 
individual  controls.  The  solid-phase  ELISA  assay,  on  the  contrary,  indi¬ 
cates  a  high  degree  of  binding  for  the  antibody  to  immobilized  antigen. 
However,  holotoxin  in  solution  does  not  appear  to  compete  effectively 
with  immobilized  antigen  either  in  a  preincubation  competition  experiment 
or  a  coincubation  competition  experiment. 
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It  is  possible  to  suggest  that  MAb  TE33  recognizes  a  denatured  epi¬ 
tope  on  the  holotoxin  that  is  conformational ly  different  from  its  native 
state  and  more  closely  resembles  the  peptide  against  which  the  antibody 
was  generated,  whereas  polyclonal  immunoglobulins  may  contain  antibodies 
against  not  one  but  several  conformers  adopted  by  the  peptide,  one  of 
which  may,  in  fact,  resemble  the  native  conformation  either  in  solution 
or  bound  to  the  receptor.  In  an  experiment  in  which  tne  polyclonal  goat 
anti-cholera  toxin  antibody  was  used  to  coat  microtiter  plate  wells,  then 
holotoxin  bound  to  it,  the  subsequent  binding  of  TE33  was  reduced  con¬ 
siderably,  compared  to  that  observed  when  holotoxin  was  bound  directly  to 
the  plastic.  It  is  possible  that  the  epitope  may  lie  near  the  receptor 
binding  site,  or  that  the  antigen  was  not  presented  in  a  conformation 
recognizable  to  the  MAb. 

The  results  suggest  that  some  caution  should  be  exercised  in  the 
interpretation  of  solid-phase  assays  such  as  ELISA.  Jemmerson  (2)  has 
shown  that  it  is  more  common  than  usually  assumed  to  obtain  antibody  to 
''denatured"  antigen  by  the  hybridoma  technique  when  ELISA  is  used  as  a 
screening  procedure.  ELISA  assays,  like  other  solid-phase  assays,  may 
also  appear  to  enhance  veiy  weak  interactions  because  even  a  small  sol¬ 
vent  exclusion  process  may  contribute  to  the  overall  energy  of  binding. 
The  results  presented  here  suggest  that  solution-phase  competition 
experiments  and  size-exclusion  HPLC  analyses  (4)  may  be  useful  adjuncts 
to  studies  of  antigen-antibody  binding  and  vaccine  analysis. 
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INTRODUCTION 

A  genetically  detoxified  Pertussis  toxin  (PT)  should  serve  as  a  better 
candidate  for  a  new  acellular  vaccine  against  whooping  cough.  We  have 
constructed  nutations  in  the  NH2  terminal  region  of  the  SI  subunit.  Their 
effects  on  the  ADPribosyltransferase  (ADPRT)  activity  and  on  the  antigenic 
'>»v)pert’e.s  o"  the  SI  p-'ctcin  using  monoclonal  antibodies  directed  against 
SI  were  examined. 


MATERIALS  AND  METHODS 
Construction  of  the  mutants 

Mutations  in  position  9  and  in  positions  11  and  14  were  obtained  after 
insertion  of  mixed  oligonucleotides  between  unique  restriction  sites  { 
previously  created  by  site  directed  mutagenesis  and  changing  amino  acid 
5  from  alanine  to  glycine).  All  the  mutant  SI  proteins  obtained  have  lost 
more  than  99,9  %  of  their  ADPRT  activity. 

Monoclonal  antibodies  directed  against  SI 

MAbs  3CX4  (strongly  neutralizing),  6FX1  (weakly  neutralizing)  and  X2X5 
(non  neutralizing)  were  obtained  from  J.G.  Kenimer  (4).  M/\bs  lSBhA2, 

SB9A1  and  I5B6C.3  were  produced  by  immunizing  BALB/c  mice  with  PT.  Diese 
last  mAbs  recognize  PT  in  ELISA  and  SI  in  western  blot  :  they  are  not 
protective  in  the  CHO  cell  assay. 


RESULTS 

Recognition  cff  the  mut.ated  SI  proteins  by  mAhs  were  analysed  by  western 
blot  with  purified  mAbs  against  whole  cell  extracts  containing  these 
proteins.  The  great  majority  of  the  mAbs  is  affected  in  its  recognition 
of  the  SI  protein  by  a  least  one  mutation  in  the  8-I8  amino  acid  region, 
with  the  exception  of  the  non  neutralizing  mAh  X2X5.  This  result  is 
consistent  with  the  fact  that  the  epitope  corresponding  to  m.Ab  X2X3 
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has  been  mapped  in  the  15-26  aminoacid  region  (4  )  and  that  the  NH2 
terminal  end  of  the  protein  is  at  least  part  of  an  immunodominant  epitope 
(l).  The  single  mutated  protein  (9  Arg_»His)  retains  the  recognition  by 
most  mAbs  (neutralizing  or  not  neutralizing)  indicated  that  this  protein 
should  possess  one  or  more  protective  epitopes.  Double  imitated  proteins 
(positions  11  and  14)  react  only  with  nv\b  X2X5. 


CONCLUSION 

The  NH2  terminal  piortion  of  the  SI  protein  is  critical  for  its  antigenic 
proper-ties  (with  mAbs  neutralizing  or  not).  However,  we  have  obtained 
one  SI  protein  inactivated  by  mutation  in  this  region  and  retaining  a 
protective  epitope.  This  mutated  SI  gene  is  a  good  candidate  to  return 
into  Bordetella  pertussis  chromosome. 
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Probing  the  Structure-Function  Relationship  of  the  Pertussis  Toxin  S1 
Subunit  by  Site-Directed  Mutagenesis 

C.  Locht\  C.  Feron\  Y.  Lobet^  and  W.  Cieplak^ 

'Molecular  and  Cellular  Biology  Department,  Smith  Kline-Biologicais,  rue  de 
'Institut,  89,  B'ISSO  Rixensart,  Belgium 

laboratory  of  Pathobiology,  Rocky  Mountain  Laboratories  (NIH),  Hamilton,  Mt  59840,  U.S.  A. 


INTRODUCTION 

Pertussis  toxin  Is  the  major  virulence  factor  synthesised  by  Bordetelta  pertussis,  the 
causative  agent  of  whooping  cough^.  This  toxin  Is  the  most  complex  bacterial  toxin 
studied  so  far.  It  Is  composed  of  five  dissimilar  subunits  designated  S)  through  SS. 
Subunits  S2  through  S5  are  responsible  for  the  binding  of  holotoxin  to  the  target  cells, 
whereas  the  ST  subunit  expresses  ensymatic  AOP-rlbosyl transferase  and  NAD  glycohydrolase 
activities^.  In  this  study  we  used  site-directed  mutagenesis  and  encymatic  analyses  to 
Investigate  the  role  of  Individual  residues  In  the  enzymatic  activity  of  the  pertussis 
toxin  ST  subunit. 

RESULTS  AND  DISCUSSION 

The  coding  regions  for  the  mature  ST  subunit  (rSI)  and  for  a  carboxy-  terminally 
truncated  ST  protein  (rSId)  were  Introduced  Into  H13mp18  and  pUC18  respectively,  such 
that  the  Inserted  genes  were  expressed  under  TacZ  transcriptional  and  translational 
control.  Whereas  rSId  was  fully  soluble,  the  rST  protein  was  found  exclusively  In  the 
particulate  fraction,  and  could  only  be  solubilized  In  urea  containing  buffers.  rSId  was 
purified  to  homogeneity  using  two  chromatography  steps.  Both  rSI  and  rSId  showed  NAD 
glycohydrolase  and  ADP-rlbosyl transferase  activities.  The  AOP-rlbosyltransferase 
activity  of  rSId  was  however  approximately  20  fold  reduced  as  compared  to  that  of  rSI  or 
pertussis  toxin  (Table  I).  On  the  other  hand,  specific  NID  glycohydrolase  activity  of 
rSld  was  very  similar  to  that  of  pertussis  toxin.  Furtheimore,  over  20  monoclonal 
antibodies,  some  of  which  recognize  very  complex  conformational  epitopes,  react  with 
rSld  as  well  as  with  holotoxin.  This  suggests  that  the  carboxy-termlnal  portion  of  the 
SI  subunit  Is  Involved  In  acceptor  protein  substrate  binding. 

Individual  amino  acid  residues  of  rSId  were  altered  by  site-directed  mutagenesis.  As 
shown  In  table  I,  deletion  of  either  W-26,  or  C-41  or  E-129  had  a  dramatic  effect  on  the 
NAD  glycohydrolase  activity,  whereas  alterations  of  H-83  or  E-106  did  not  affect  this 
activity.  Deletion  or  substitution  of  E-106  appeared  to  somewhat  diminish  the  ADR- 
rlbosyl transferase  activity,  thereby  suggesting  that  the  region  around  E-106  may  also  be 
Involved  In  acceptor  substrate  recognition. 

In  order  to  Investigate  the  specific  role  of  W-26,  C-41  and  E-129  In  either  NAD  binding 
or  catalysis,  substitutions  of  these  residues  were  carried  out.  Replacement  of  C-41  by 
S,  G,  P  or  N  reduced  NAD  glycohydrolase  activity,  without  abolishing  It,  Indicating  that 
no  side  chain  Is  needed  at  this  position.  Analysis  of  the  kinetic  parameters  of  xwtant 
C41G  as  compared  to  those  of  rSld,  Indicates  that  the  for  NAD  was  Increased  In  the 
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mutant,  wheraas  th«  was  not  significantly  changed  (Table  I).  This  result  shows 
that  C-41  is  not  a  catalytic  residua  but  is  at.  or  close  to  the  HAD  binding  site.  On  the 
other  hand  replacement  of  C-41  by  E  or  0  reduced  the  activity  to  background  levels.  This 
indicates  a  drastic  effect  of  a  negative  charge  at  position  41,  leading  to  the 
suggestion  of  a  charge-charge  repulsive  interaction  and  therefore  to  the  speculation 
that  C-41  may  be  in  close  proximity  to  the  phosphate  poieties  of  the  NAO. 

Replacement  of  W-26  by  T  did  not  restore  eniymatic  activity,  indicating  that  a  side 
chain  is  essential  at  position  26.  When  W-26  was  changed  to  Y,  approximately  25  X  of 
residual  activity  was  found.  The  K„  for  NAO  was  about  25  fold  increased,  whereas  the 
increase  k^,^  suggests  that  the  mutant  has  also  decreased  affinity  for  one  of  the 
products  of  the  reaction.  Inhibition  kinetics  may  be  useful  to  further  investigate  this 
possibility. 

Finally,  none  of  the  substitutions  made  at  position  129  have  been  found  to  restore 
measurable  activity,  and  no  kinetic  studies  could  be  carried  out.  It  is  possible  that 
E-129  has  a  catalytic  function  similar  to  E-148  in  diphtheria  toxin. 

The  identification  of  residues  involved  in  catalysis  and/or  NAO  binding  is  useful  for 
the  development  of  a  safer,  new  generation  vaccine  against  whooping  cough,  since 
pertussis  toxin  is  considered  the  most  important  antigen  in  the  new  acellular  vaccines 
and,  due  to  its  ensymatic  activities,  is  also  believed  to  be  responsible  for  the  severe 
side  effects  of  the  current  whole  cell  pertussis  vaccines. 

Table  1  :  Activities  of  truncated  and  mutant  SI  subunit  forms 


SI  form 

A0P-ribosy1- 

NAO  glyco- 

*’cat  , 

transferase 

hydrolase 

(NAO) 

(min"' 

PTX* 

15^ 

100  X 

20  y 

♦  ♦♦ 

11.6 

?7.3  X 

rSId 

♦♦ 

14.7 

98  X 

16  VtH 

.50 

rSld-W26A 

- 

<  .05 

<  .4  X 

rS1d-W26T 

- 

<  .05 

<  .4  X 

rS1d-W26Y 

♦ 

4.8 

32  X 

500 

1.48 

rS1d-C4lA 

- 

<  .05 

<  .4  X 

rS1d-C41S 

♦ 

5.9 

39.3  X 

rS1d-C41G 

♦ 

6.9 

46  X 

47  pM 

.42 

rSld-C41P 

♦ 

4.7 

31.3  X 

rS1d-C41N 

♦ 

4.1 

27.3  X 

rSld-C41E 

- 

.1 

.7  X 

rS1d-C410 

- 

.1 

.7  X 

rS1d-H83A 

♦ 

15 

100  X 

rS1d-E106A 

♦ 

15.6 

104  X 

rS Id-El 060 

♦ 

17.6 

117  X 

rS1d-E129A 

- 

<  .05 

<  .4  X 

rS1d-E1290 

- 

<  .05 

<  .4  X 

rS1d-E129E 

- 

<  .05 

<  .4  X 

•PTX  ■  pertussis  toxin;  *pmol  nicotinamide  released/min ,yg  SI 
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INTRODUCTION 

We  have  examined  the  Immunogen icity  of  peptides  from  the  amino  acid 
sequence  of  pertussis  toxin  (FT)  a  virulence  determinant  of  Bordetella 
pertussis. 


MATERIALS  AND  METHODS 

ELISA'S  were  performed  with  murine  and  rabbit  antibodies  (Ab)  raised  to 
peptide-KLH  conjugates.  The  ability  of  antibodies  to  neutralise  FT 
activity  in  lymphocytosis,  CHO  cell  clumping  and  glycohydrolysis  of  NAD'*’ 
( 1 ,  )  was  measured. 


RESULTS 

All  peptides  produced  an  Immune  response  which  recognised  the  homologous 
peptide  on  ELISA.  The  sera  to  peptides  8(S1  35-52),  9(31  237-255),  11 
(S2  191-209),  13(S2  36-53),  1A(S3  153-171)  and  15(SA  94-115)  also 
recognised  FT  on  ELISA  (Fig.lA).  However,  purified  antipeptide  IgG 
coated  onto  ELISA  plates  could  recognise  KLH  or  homologous  peptide  but 
not  native  FT  (Fig. IB).  This  explains  why  none  of  the  peptide  antisera 
could  inhibit  toxin  activity,  whereas  control  McAb  L10  (1)  neutralised 
lymphocytosis,  CHO  cell  clumping  and  enzyme  activity. 


CONCLUSION 

Short  peptides  do  not  induce  antibodies  which  recognise  native  toxin  and 
are  therefore  unlikely  to  produce  a  protective  immune  response.  The 
results  show  variation  in  FT  antigenicity  which  is  dependent  on  assay 
configuration. 
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INTRODUCTION 

Whooping  cough  is  a  human  respiratory  disease  caused  by  virulent  Bordetella  pertussis  orga¬ 
nisms.  Concern  over  adverse  reactions  following  pertussis  vaccination  has  led  to  reduced 
acceptance  of  the  current  vaccines  causing  an  alarming  rise  in  the  incidence  of  infection. 
Among  the  many  candidate  virulence  factors  expressed  by  B.penussis,  the  filamentous 
hemagglutinin  and  the  secreted  pertussis  toxin  (PT)  are  of  prime  importance  for  the 
pathogenesis  of  the  disease  and  thus  also  in  the  development  of  new  vaccines.  The  ADP- 
ribosylation  of  Gi-proteins  by  PT  interferes  with  the  adenylate  cyclase  regulatory  system  of 
target  cells.  Immunization  with  PT  and  with  the  isolated  B-oligomer  (1),  but  not  with  isolated 
subunits  induces  protective  immunity  in  mice.  One  way  to  interfere  with  the  pathologic 
effects  of  PT  could  be  the  inhibition  of  toxin  interaction  with  its  cellular  reccptor(s)  by 
preformed  toxin-directed  antipeptide  antibodies.  A  prerequisite  for  this  approach  is  the 
localization  of  antigenic  and  "inhibitory"  epitopes.  Receptor  recognition  of  pertussis  toxin 
(PT)  is  mediated  by  its  B-oligomer  consisting  of  the  five  subunits  S2,  S3,  2xS4,  and  S5.  As 
the  S2  subunit  of  PT  has  been  implicated  with  receptor  binding,  linear  antigenic  and 
immunigenic  determinants  of  S2  have  been  identified  (3).  Here,  we  report  the  inhibition  of 
pertussis  toxin  binding  to  model  receptors  by  antipeptide  antibodies  and  the  identification  of  a 
possible  antigenic  domain  formed  by  the  corresponding  segments  in  the  S2  subunit. 


MATERIALS  AND  METHODS 

The  PT  used  in  this  study  was  cither  purchased  from  List  Biochemicals  (Campbell,  USA)  or 
received  as  agift  from  the  Institut  M^rieux  (Lyon).  Synthetic  peptides  were  prepared  as 
described  (3).  Antipeptide  antibodies  were  purified  by  affinity  chromatography  using  the 
homologous  peptide-BSA  conjugates  coupled  to  CNBr-Sepharose  and  elution  of  bound 
antibodies  with  O.IM  glycine  followed  by  immediate  neutralization.  For  solid  phase  binding 
assays,  ELISA  plates  were  coated  with  fetuin,  blocked  with  5%  BSA/PBS,  and  reacted  with 
serial  dilutions  of  PT  in  0.01%BSA/PBS.  Bound  PT  was  detected  with  HRP-conjugated 
purified  anti-PT  IgG.  For  inhibition  experiments  a  standard  amount  ot  PT  (200  ng)  was 
incubated  with  serial  dilutions  of  purified  antipeptide  antibodies  and  added  to  fetuin-coated 
microtitcr  wells.  Bound  PT  was  detected  as  above.  Prior  to  hemagglutination,  goose  erythro¬ 
cytes  were  sensitized  by  incubation  with  chymotrypsin  (sGRBC).  The  additive  ELISA  was 
performed  as  described  (2). 
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RESULTS 

Ten  peptides  corresponding  to  selected  segments  of  S2  were  synthesized.  Only  antibodies  in¬ 
duced  by  Rl-7,  R35-50,  and  R9 1-106  recognized  the  S2  subunit  in  the  holotoxin,  thus 
defining  the  corresponding  regions  as  antigenic  epitopes  (3). 

A)  To  study  the  inhibitory  effects  of  antipeptide  antibodies  PT-binding  was  assessed  in 
a  solid  phase  fetuin-binding  assay  after  preincubation  with  serial  dilutions  of  affinity  purified 
antipeptide  antibodies.  All  three  antipeptide  antibodies  showed  inhibition  of  PT  binding  to 
fetuin  at  concentrations  larger  than  1  pg/ml. 

B)  Eight  ng  PT/ml  were  found  to  be  sufficient  for  hemagglutination  of  10^  sGRBC. 
PT  was  preincubated  with  serial  dilutions  of  antipeptide  antibodies  and  added  to  sGRBC  in 
0.1%BSA/PBS.  All  three  antipeptide  antibodies  inhibited  hemagglutination  with  minimal 
inhibitory  concentrations  ranging  from  80  fxg/ml  to  160  jig/ml. 

C)  The  clustered  growth  pattern  of  CHO  cells  induced  by  PT,  however,  could  not  be 
inhibited  by  these  antipeptide  antibodies,  though  high  concentrations  of  anti-R91-106  seem  to 
have  some  effect. 

D)  In  a  competition  experiment  by  additive  ELISA  (2)  antipeptide  antibodies  were 
applied  as  sequence  specific  probes  to  see  wether  the  linear,  sequentially  separated  antigenic 
determinants  could  be  juxtaposed  in  space  due  to  the  threedimensional  folding  of  the  S2 
subunit  in  the  holotoxin.  Au  antipeptide  antibodies  competed  pairwise  for  binding  indicating 
steric  hindrance  probably  due  to  close  spatial  proximity  of  the  respective  determinants. 


DISCUSSION 

Antipeptide  antibodies  directed  at  linear  antigenic  determinants  of  the  S2  subunit  inhibited  the 
interaction  of  PT  in  two  of  the  model  receptor  systems  used  in  this  study.  The  induction  of 
the  clustered  growth  pattern  in  CHO  cells  could  not  be  inhibited,  indicating  binding  of  Pf  to 
its  cellular  receptor(s)  and  translocation  of  the  S 1  subunit  through  the  membrane.  It  has  been 
shown  that  the  interaction  of  PT  with  the  N-linked  carbohydrate  moiety  of  fetuin  or  hapto¬ 
globin  as  receptor  analogues  is  dependent  on  the  S2  subunit.  To  be  able  to  act  as  hemagglu¬ 
tinin  PT  must  at  least  be  bivalent.  Thus,  the  inhibition  of  interactions  associated  with  the 
binding  site  in  S2  abolishes  hemagglutination  as  well  as  fetuin  binding.  In  the  CHO-assay 
binding  cannot  be  blocked  by  anti-S2  antibodies  alone  as  only  one  binding  site  of  the  holo¬ 
toxin  is  affected.  Furthermore,  as  indicated  by  the  pairwise  competition  experiments  the  linear 
antigenic  determinants  seem  to  be  in  close  spatial  proximity  in  the  native  toxin  and  thus  might 
constitute  distinct  segments  of  a  larger  (conformational)  epitope.  This  line  of  evidence  is 
further  supported  by  the  lack  of  crossreactivity  between  S2  and  S3  as  demonstrated  with 
antipeptide  antibodies  (3). 

We  thus  propose  that  pertussis  toxin  harbours  two  distinct,  different  receptor  binding  sites  in 
the  B-oligomer  located  in  the  S2  and  S3  subunit.  Synthetic  peptide  antibodies  directed  at 
linear  antigenic  determinants  of  the  S2  subunit  can  efficiently  interfere  with  interactions  linked 
to  the  S2  subunit,  but  for  the  reasons  dicussed  above  not  with  binding  due  to  S3. 
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INTRODUCTION 


The  Mlchaells  conscant,  Km,  for  the  pertussis  toxin  catalysed  NAD"*"- 
glycohydrolase  reaction  is  30  fiH  (1).  This  suggests  that  the  Kd  may 
be  of  the  same  order  of  magnitude.  The  number  of  binding  sites  for 
NAD"*"  has  not  yet  been  determined.  We  Investigated  the  protein  ligand 
interaction  using  equilibrium  dialysis  and  fluorescence.  We 
caliulated  Kd  values  at  different  temperatures  and  hence  a  value  for 
the  enthalpy  change  on  binding  of  NAD"*"  to  pertussis  toxin. 

MATERTAI.S  AND  METHODS 


Equilibrium  Dialysis.  Equilibrium  dialysis  was  carried  out  in  a 
Dlanorm  apparatus  as  described  by  Galloway  et  al.  (2)  The  system  was 
rotated  at  a  constant  temperature  for  three  hours,  by  which  time 
equilibrium  was  reached.  The  proportion  of  ligand  bound  to  the  toxin 
could  then  be  calculated. 

Fluorescence .  Quenching  of  pertussis  toxin  fluorescence  was  carried 
out  at  emission  wavelength  340  nm  and  excitation  280  nra.  The  samples 
were  corrected  for  dilution  and  inner  filter  effects,  (3,  4  and  5). 

RESULTS  AND  DISCUSSION 

1.  The  results  from  equilibrium  dialysis  are  shown  in  Table  1.  Kd 


and  the  number 

of  binding  sites 

for  ligand, 

n. 

are 

shown 

Temperature 

Kd 

n 

7°C 

105  tiH 

1 

.00 

4- 

0. 

,25 

20°C 

46  fiH 

1 

.00 

± 

0. 

,15 

230c 

37  fiH 

1 

.00 

± 

0. 

,05 

30OC 

27  fiH 

1 

.00 

+ 

0. 

,10 

40OC 

20  fiH 

1 

.00 

± 

0, 

.10 

The  van't  Hoff  Isochore  drawn  from  these  results  is  shown  in  Fig.  1. 
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Both  of  the  above  methods  gave  Kd  values  of  the  same  order  of 
magnitude,  and  these  were  in  agreement  with  the  previously  calculated 
Km  value  for  the  toxin  catalysed  MAD'''-glycohydrolase  reaction.  The 
number  of  binding  sites  for  NAD'*’  was  shown  to  be  one,  as  expected  and 
finally,  the  enthalpy  change  calculated  from  these  results  gave  a 
value  which  is  typical  of  that  of  binding  of  a  ligand  to  a  protein. 
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INTRODUCTION 

Pigs  infected  with  certain  strains  of  Pasteurella  multocida  develop  pro¬ 
gressive  atrophic  rhinitis  (PAR)  (6).  The  lesions  of  PAR  are  irreversible 
atrophy  of  the  nasal  turbinate  bone,  distortion  of  the  snout  and  reduced 
growth  rates.  The  atrophy  is  caused  by  enhanced  osteoclastic  bone  resorp¬ 
tion  and  impaired  osteoblastic  synthesis  of  the  osseous  core. 

Only  toxinproducing  strains  of  P. multocida  are  able  to  cause  PAR.  The 
P. multocida  toxin  (PMT),  which  is  a  protein  of  143  kDa  (2),  induces 
osteoclastic  bone  resorption  of  the  nasal  turbinates  of  pigs  and  rats, 
and  is  therefore  considered  the  central  aetiological  factor  in  PAR  (1,2). 
This  publication  describes  the  physical  and  biological  properties  of  PMT, 
and  the  use  of  inactivated  PMT  as  a  single  component  PAR-vaccine. 


MATERIALS  AND  METHODS 

Anti-PMT  monoclonal  antibodies  (MAbs)  were  produced  as  described  in  (3). 
Bacterial  extract  of  a  toxigenic  strain  of  P. multocida  was  applicated  to 
an  affinity  column  containing  the  anti-PMT  MAb,  P3F51,  immobilized  on  di¬ 
vinyl  sulfone  agarose  (3).  PMT  was  eluted  by  glycin-HCl,  pH  2.8,  and  the 
purity  and  yield  determined  by,  respectively,  SDS-PAGE  and  a  sandwich- 
ELISA  based  on  two  MAbs  reacting  with  different  epitopes  on  PMT  (3,4). 

The  minimal  doses  of  PMT  resulting  in:  i)  cytopathic  effect  on  embryonic 
bovine  lung  cells  (7),  ii)  dermonecrotic  effect  in  guinea  pigs  and  iii) 
turbinate  atrophy  in  piglets  was  determined;  and  the  LDso  of  PMT  in  mice, 
rats  and  pigs  was  recorded.  In  vivo  neutralisation  of  the  lethal  effect 
of  crude  extract  from  toxigenic  P. multocida  by  MAb  P3F51  was  studied. 
Pregnant  sows  were  immunized  with  inactivated  PMT  6  and  3  weeks  before 
expected  farrowing  (5).  The  offspring  of  vaccinated  and  unvaccinated  sows 
were  intranasally  infected  with  Bordetella  bronchiseptica  and  with  toxi¬ 
genic  P. multocida.  Bacteriological  examinations  of  nasal  swabs  and  deter¬ 
mination  of  serumtiters  by  ELISA  were  performed  regularly  until  the  pigs 
were  slaughtered  at  90  to  100  kg  liveweight.  At  slaughter  the  snouts  were 
cross-sectioned  and  turbinate  atrophy  scored  according  to  Bendixen. 
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RESULTS 

The  yield  of  PUT  in  the  affinity  purification  was  10.3  in>i  from  4.3  1  of  a 
cell-free  bacterial  extract,  corresponding  to  93  %  of  the  PUT  applied  to 
the  column. 

TABLE  1.  Characteri7.at  ion  of  PMT. 


Holecular  weight  (SDS-PAGE):  .  143  kDa 

Isoelectric  point  (lEF):  . .  4.8 

Minimal  cytopathic  dose  on  EBL-cells:  . . .  30  pg 

Minimal  dermonecrotic  dose  in  guinea  pigs:  .  50  ng 

LD;i„/bodyweight  in  mice,  rats  and  pigs:  . . .  0.5-1. 5  pg/kg 


Dose  (i.p.)  resulting  in  turbinate  atrophy  in  piglets  ....  2  x  0.5  pg 


Passive  immunization  with  an  anti-PMT  MAb  2  days  before  challenge  of  mice 
with  CJude  extract  of  toxigenic  P.multocida  was  highly  protective. 
Pregnant  sows  vaccinated  twice  with  purified  inactivated  PMT  transferred 
anti-PMT  antibodies  to  their  suckling  offspring. 
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Figure  1.  Occurence  of  turbinate 
atrophy  in  pigs  at  slaughter. 


Figure  2.  Reisolation  of  toxigenic 
P.multocida.  Offspring  of  unvacci- 
nated  (o)  and  vaccinated  (•)  sows. 


DISCUSSION 

PMT  is  a  143  kDa  bacterial  protein  toxin,  which  can  be  purified  in  a 
single  step  by  affinity  chromatography  based  on  immobilised  anti-PMT  MAb. 
This  method  has  made  is  possible  to  assess  the  value  of  protecting  pigs 
against  the  effects  of  PAR  by  vaccination  with  PMT.  Me  observed  that  the 
incidence  of  turbinate  atrophy  at  slaughter  in  piglets  born  by  vaccinated 
sows  was  significantly  reduced  when  compared  to  the  offspring  of  unvacci¬ 
nated  sows.  Bacterial  reisolation  rates  indicated  t.hat  this  protection 
might  be  caused  at  least  in  part  by  a  reduction  of  the  colonisation  of 
toxigenic  P.multocida. 
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INTROXICTION 

Rneunolysln,  the  membrane  damaging  toxl^i  of  Streptoooocus  pneunorlae,  has 
several  effects  on  the  coriponents  of  the  Immune  cystem  which  could  be  of 
relevance  to  the  pathogenesis  of  pneumococcal  infection.  Sub-lytic 
concentrations  of  the  toxin  Inhibit  antibody  syn*  ,Tesls  by  B-oells  (1 )  and 
Inhibit  the  key  anti-microbial  activities  of  polymorphonuclear  leukocytes 
(PMNL)  such  as  respiratory  biurst  (4).  At  higher  concentrations  the  toxin 
activates  the  classical  complement  pathway  in  an  antibody  independent 
manner  ( 5 ) .  We  ha’ze  attempted  to  localize  the  ocmplemtint  activating  domain 
of  pneumoiysin. 


MATERIAIi:  AND  METHODS 

Conputer  oonparisons  were  made  using  the  FASTP  program  of  Llpman  and  Perason 
(2).  pneumoiysin  was  purified  and  ocnplement  activation  was  measured  as 
previously  described  ( 3 ) .  Site-directed  mutagenesis  was  done  as  previously 
described  ( 6 ) .  Antibody  binding  was  measured  by  ELISA  using  goat  oonj  ugated 
second  antibody. 


RESULTS 

Con^ter  searches  of  protein  sequence  data  bases  with  the  pneumoiysin 
sequence  showed  tta  most  closely  related  protein  was  human  C-reactive 
protein  {C3^).  Two  non-ooitlguous  areas  of  homology  were  located  in 
pneumoiysin  (dcmalns  1  and  2)  which  were  adjacent  in  the  CRP  sequence. 
Domain  1  shcMS  62%  homology  { including  conserved  changes )  over  a  42  amino 
acid  sequence  and  dcmaln  2  shows  73%  homology  over  30  amino  acids.  CRP  was 
first  identified  by  its  ability  to  bind  the  C-polysaocharlde  of  pneumococci 
and  activate  complement.  On  the  assumption  that  the  oontnon  regions  in 
pneumoiysin  and  CRP  are  those  which  mediate  complement  activation,  we  have 
carried  out  site  directed  mutagenesis  of  dcnaln  2  in  pneumoiysin.  We 
chariged  separately  3  aromatic  residues  in  domain  2  to  phenylalanine. 

All  three  amino  acid  changes  decreased  the  abl.’  Ity  of  the  toxin  to  activate 
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the  oonplement  pathway.  The  greatest  reduction  in  ability  was  seen  when 
tyrosine  384  was  changed  to  phenylalanine  (86%  reduction).  Since  changing 
tyrosine  to  phenylalanine  onJ.y  involves  the  elimination  of  a  hydroxyl 
group,  it  is  probable  that  this  OH  group  is  involved  in  oonplement 
activation. 

Conplement  activation  by  pneumolysin  in  all  cases  was  abolished  by  addition 
of  EGVfi  *  Mg  ions  or  by  removal  of  IgG  by  prior  passage  of  serum  over  protein 
A  sepharose.  Thus  complement  activation  is  via  the  classical  pathi>ray  and 
is  IgG  dependent.  However,  no  specific  antitoxin  could  be  detected.  We 
therefore  examined  the  ability  of  pneumolysin  and  modified  toxin  to  bind 
antibody  and  antibody  fragments.  We  found  pneumolysin  to  bind  the  Fc 
portion  of  antibody.  Substitution  of  tyrosine  384  with  phenylalanine 
reduced  the  ability  of  the  toxin  to  blixi  Fc  (8-fold  reduction);  thus 
mirroring  the  effect  of  this  alteration  on  complement  activation. 


DISCUSSION 

We  tentatively  propose  that  the  region  between  rsldues  368-397  ( domain  2 ) 
of  pneumolysin  is  involved  in  antibody  binding  via  Fc,  and  that  thl  s  non- 
Imnune  binding  of  antibody  results  in  the  activation  of  the  classical 
complement  pathway.  It  is  possible  that  the  CHP-like  domain  1  will  prove 
also  to  be  an  antibody  binding  domain  and  thus  provide  a  seoond  site  for 
interaction  of  oonplement  component  Clq  necessary  for  classical  pathway 
activation. 
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IWTRODUCTION 

Rieumolysln,  the  thiol  activated  cytolytic  toxin  of  Streptococcus 
pneunoniae.  Is  one  of  a  family  of  imnunologically  cross  reactive  toxins 
elaborated  by  gram  positive  bacteria.  Thiol  activation  was  postulated  to 
reflect  the  formation  and  breakage  of  intramolecular  disulptilde  bonds.  A 
single  free  sulphydryl  group  was  thought  to  be  essential  for  activity. 
During  cytolysls  it  is  assumed  that  toxin  monomers  bind  to  cholesterol  In 
the  target  cell  membrane  and  insert  into  the  lipid  bilayer.  They  aggregate 
to  form  oligomers  which  are  believed  to  act  as  transmembrane  pores  leading 
to  lysis.  Cholesterol  was  proposed  as  a  receptor  because  these  toxins  are 
only  active  on  ceils  with  cJ<3lcstcrol  in  their  membranes  and  .in)  ■ 

Is  Inhibited  by  free  cholesterol.  These  toxins  also  have  potent  inhibitory 
effects  on  various  aspects  of  the  iirmune  systan.  Fbr  example,  at  sublytic 
oonoentratlons,  they  inhibit  the  respiratory  burst  of  polymorphonuclear 
leukocytes  (FMN)  and  they  also  activate  ocmplement. 


MATERIAI5  AND  MEDKXJS 

Site  directed,  oligonucleotide-mediated  mutagenesis  and  purification 
of  wildtype  and  modified  toxins  has  been  described  (3). 


RESULTS  AND  DISCUSSION 

The  thlol-actlvatad  toxlas  for  which  a  predicted  soquonoo  is  available, 
pnetmolysln  ( 6 ) ,  streptolysin  0(1),  listeriolysin  0(2)  and  perfringolysin 
0  (5),  have  a  single  cysteine  which  lies  in  a  conserved  11  amino  acid  motif 
which  is  the  single  longest  region  of  sequence  identity.  A  modified  toxin 
in  which  the  unique  cysteine  was  replaced  by  an  alanine  (cySi2>ala)  was 
identical  to  the  wildtype  in  terms  of  haemolytic  activity,  inhibitory 
effects  on  PNN,  binding  to  rod  blood  cells  (RDC)  and  oligomer  formation. 
This  demonstrates  that  a  sulphydryl  group  is  not  necessary  for  toxin 
activity  in  vitro. 

A  series  of  modified  toxins  was  produoed  to  investigate  the  luportance 
in  activity  of  the  cysteine  and  other  residix^  in  the  cysteine  motif  (see 
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Boulnols  et  al . ,  this  volume ) .  In  a  number  of  these  haemolytic  activity  was 
reduced  but  never  abolished.  Thus  it  Is  the  overall  structure  of  this  region 
that  is  likely  to  be  important  rather  than  specific  residues.  For  cys^^^s®^ 
and  cys.2a^>gly  toxins  the  decrease  in  haemolytic  activity  correlated  with  a 
simil^  oeoease  in  activity  against  FMN  at  sublytic  concentrations.  None 
of  the  modified  toxins  studied  showed  any  decrease  in  ability  to  bind  to  RBC 
or  to  form  oligomers  suggesting  that  the  cysteine  motif  is  not  involved  in 
reo^xtor  binding.  It  is  possible  that  the  cysteine  motif  is  Inportant  in  the 
generation  of  functional  pores.  One  toxin,  gli^^>asp  ,  showed  a  decrease  in 
cholesterol  binding.  Thus  the  cysteine  regf^  may  play  a  role  in  the 
toxin-sterol  interactions  after  receptor  binding,  and  this  may  be  involved 
in  pore  formation.  Treatment  of  wlldtype  pneumolysln  with  diethyl 
pyixxarbonate  (DEPC),  v^ch  modifies  histidine  residues,  virtioally 
abolished  haemolytic  activity  and  the  ability  to  bind  to  RBC.  There  is  only 
one  histidine  residue  which  aligns  in  the  four  toxins  in  this  group  which 
have  been  sequenced  and  when  this  is  changed  pneumolysln  lades  all  cytolytic 
activity.  Hlsjg^>arg  modified  toxin  may  define  the  receptor  binding  region. 

In  conclusion  we  propose  the  following  model  for  toxin  activity.  Toxin 
monomers  bind  via  the  histidine  to  the  OH  on  C3  of  cholesterol  or  to  another 
membrane  oorponent.  The  cysteine  motif,  via  an  interaction  with 
cholesterol,  may  be  iitportant  in  the  formation  of  functional  oligomers. 
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iwnmjcncN 

Streptolysin  0,  which  Is  secrete  1  by  Streptococcjs  pyogenes,  is  cne  of  a  family  of  fifteen 
biologically  related  memhi’ane-iamBglng  toxins,  which  are  pro  fixed  ly  iji  verse  species  of 
(irm-posltive  hecterla.  These  toxins  are  known  as  "Thiol -Activated"  toxins  anJ  their 
biological  properties  has  led  to  the  assuipticn  that  cysteire  is  essential  for  their 
cytolytic  activity.  Here  we  report  the  constnxtlon  of  mi;tant  SLO  terivatives  that  liffer 
only  with  respect  to  the  ijiicnx  cysteine  anf  shew  that  the  above  assvnptlon  is  not  correct. 

RESULTS  AND  DISCUSSION 

The  TtE  (Cys)  colon  of  SLO  was  altered  to  OOC  (Ala)  or  TDC  (Ser)  by  site  lirectel 
mutagenesis.  Wien  mutant  plasmids  were  transfoiro  l  into  E.  coli,  haemolytic  colcnies  were 
obtained  on  blool  agar.  The  m;tant  SLO  terivatives,  SLO.  Ala. 530  anl  SLO. Ser. 530,  were 
pixlflel  and  their  properties  were  ccn^iared  with  those  of  will-type  SLO  (SLD.Cys.530). 

The  results  sintnarized  in  Table  1  show  that  there  are  no  significant  ilifferences  in  ttie 
specific  haemolytic  activities  of  wili-type  SLO  an!  the  SlO.Ala.530  m;tant,  while  SlO.Ser. 
530  has  a  re-lxel,  hit  still  consl  tenable,  activity.  Reagents  which  chemically  molify  free 
sulfhyi.fn'l  gnxips  (ioloaretate  anl  HTB)  caise  a  marked  re  iixtion  in  the  cytolytic 
activity  of  wild-type  SIO  b;t,  predictably,  'b  not  slpiificantly  change  the  haemolytic 
activity  of  the  cystelne-fhee  mutants.  Cholesterol  is  reqidre  l  for  SLO  interactlcn  with 
membranes  and  pretreatment  of  SIO  with  cholesterol  irreversibly  Inactivates  its  cytolytic 
activity.  Qarent  motels  for  cytolysls  by  SIO  si«^st  that  the  toxin  Interacts  with 
inanbrsne  cholesterol  and  ollgonerlses  to  fotm  large  arc-an  i  ring  shaped  stnxbres,  which 
result  in  the  leakage  of  high  moleoilar  weight  cell  canxnents.  Dring  these  studies  we 
have  isolated  similar  oligomers  frem  nEmhraines  lysei  with  SlD.Cys.530,  SID. Ala. 530  and 
SLO. Ser. 530  and  shewn  that  cholesterol  inhibits  the  cytolytic  activities  of  tl»  wild-type 
and  mutant  toxins  to  the  sane  extent,  siggestlng  that  the  mutants  caixe  cjtolj’sis  ly  the 
sane  mechanism  as  the  wild-type. 

OCNCUJBICNS 

Altlxx^  cysteine  is  not  nee^dred  for  the  cytolytic  activity  of  SIO,  it  probably  lies  close 
to  a  Anctionally  Inportant  site  in  the  active  protein,  which  is  listorted  by  thiol- 
nolifying  agents  InteractLng  with  the  non-essential  thiol  grap.  The  location  of  in  a 
12  smlnD  acid  region  which  is  strongly  conserved  aneng  the  thiol-activate<f  toxins  which 
have  been  sequenced  to  date  (l,2,3,'l)  s'pports  this  ccnclusicn.  However,  in  tliese  shviles 
toxin  activity  was  assayed  in  vitro  and  a  possible  role  for  Qys  in  an  in  vivxi  activity  of 
SLO  cannot  at  present  be  ruled  oi;t. 
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'Table  1:  Specific  haemolytic  activities  of  SLD  arvi  the  mutant  toxins. 


_ Specific  HaemolyWc _ Activity  (HJ/mg) 

SlJO.Cy8.53O  SLO.Ala.530  SLO.Ser.53O 

(wllii-type) _ 


850.000  750.000  200,000 


3,000  3,000  700 

0  550,000  200,000 

25,000  750,000  ilOO.OOO 


A  (Hfference  of  up  to  P-xd  foi  l  in  the  measia^l  haemolytic  activity  is  within  the  bounls 
of  experimental  enrr. 
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INTRODUCTION 

It  is  our  final  goal  to  determine  the  molecular  mechanism  by  which  tetanus 
and  botulinum  toxins  block  neurotransmitter  release.  Our  experimental 
approach  involves  cloning  of  the  corresponding  genes,  in  vitro  synthesis 
of  mRNA  encoding  specific  subdomains  and  characterization  of  such  mRNA  by 
in  vitro  translation  in  a  suitable  transla<:ion  system  or  by  microinjection 
of  biologically  stable  mRNA  into  secretory  cells.  He  report  here  the 
primary  sequence  of  botulinum  type  A  toxin  (botox  A),  as  deduced  from  the 
nucleotide  sequence.  He  have  compared  this  sequence  with  that  of  tetanus 
toxin  (1).  He  show  that  microinjection  of  mRNA  encoding  the  authentic  A- 
subunit  of  tetanus  toxin  leads  to  toxification  of  the  injected  bovine 
chromaffin  cells  in  a  time-dependent  and  cycloheximide-sensitive  process. 

RESULTS  AND  DISCUSSION 

Fig.  1  shows  the  complete  amino  acid  sequence  of  botulinum  type  A  toxin, 
as  deduced  from  the  nucleotide  sequence  and  aligned  with  the  tetanus  toxin 
sequence  (1)  and  partial  amino  acid  sequences  of  botulinum  toxins  type  B 
(2),  Cl  (3),  and  E  (4).  It  should  be  noted  that  our  sequence  is  in  com¬ 
plete  agreement  with  partial  sequences  published  previously  for  botox  A 
(5,  6)  Botox  A  (NH  149,424)  contains  1296  amino  acids  including  the  N- 
terminal  methionine  residue  which,  however,  is  apparently  removed  during 
translation.  The  A  subunits  (L-chains)  of  botox  A  and  tetanus  toxin  show 
30.8%  the  B-subdomains  35.9%  (46.4%  between  Arg®**  and  Phe''*®)  and  the 
C-fragments  33.6%  homology  at  the  amino  acid  level.  The  A-subunits  of  both 
toxins  contain  a  particular  a-helical  domain,  each  involving  17  amino 
acids.  Both  domains  contain  3  histidine  residues  in  conserved  positions 
being  located  at  the  same  face  of  the  a-helix.  The  histidine  modifying 
reagent  diethylpyrocarbonate  de-toxifies  tetanus  toxin  and  botox  A  at  a 
1000  molar  excess  within  two  minutes  (7).  Under  such  conditions  three  of 
the  twelve  histidine  residues  of  botox  A  were  modified.  These  data  suggest 
that  these  histidine  residues  play  a  role  either  in  the  translocation  step 
of  the  A-subunit  into  the  cytosol  or  in  the  toxification  process. 
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The  cysteine  residues  Cys^**  and  Cys^*^  are  likely  to  participate  in  the 
disulfide  linkage  between  the  L-  and  H-chains  of  botox  A,  since  they  can 
be  aligned  with  Cys  residues  fullfilling  this  function  in  the  tetanus 
toxin  sequence. 
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Fig.  1  Comparison  of  the  sequences  of  Botox  A,  tetanus  toxin  (1)  and 
partial  amino  acid  sequences  published  for  botox  B  (2),  Cl  (3),  E  (4),  and 
a  neurotoxin  from  C.  butyricum  (4). 
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Tig.  2:  In  vitro  transcription/translation  of  the  authentic  A-subunit  of 
tetanus  toxin  from  cloned  DNA.  For  details  see  the  text  and  reference  (8). 
Capped  and  polyadenylated  mRNA  encoding  fragment  A  of  tetanus  toxin  or  the 
coronaviral  glycoprotein  El  was  injected  into  single  bovine  chromaffin 
cells.  The  cells  were  incubated  for  the  time  indicated  and  the  cell 
capacitance  was  measured  by  the  patch  clamp  technique  using  the  whole  cell 
configuration. 


Ve  applied  site  directed  mutagenesis  and  insertion  of  a  synthetic  oligo¬ 
nucleotide  linker  to  introduce  a  codon  for  termination  of  translation  into 
the  position  corresponding  to  the  proteolytic  cleavage  site  between  the  A 
and  BC-subunits  (Fig.  2A) .  A  DNA  fragment  encoding  the  authentic  A-subunit 
of  tetanus  toxin  was  generated  in  this  manner  and  subcloned  by  means  of 
the  newly  created  BamHI-site  into  an  in  vitro  transcription  vector  contai¬ 
ning  a  dA/dT  block  downstream  from  a  multiple  cloning  site.  5 '-Capped  and 
3 '-polyadenylated  mRNA  was  obtained  with  SP6-RNA-polymerase  and  tested  by 
translation  in  rabbit  reticulocyte  lysate  (Fig.  2B)  or  microinjection  into 
bovine  chromaffin  cells  (Fig.  20 .  Authentic  A-subunit  was  synthesized,  as 
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demonstrated  by  immunoprecipitation  (Tig.  2A) .  Four  to  six  hours  after 
injection  of  the  biologically  stable  mRNA  into  the  secretory  cells,  six 
out  of  seven  injected  cells  shoved  a  complete  inhibition  of  exocytosis,  as 
assessed  by  measurement  of  the  cell  capacitance  using  the  patch  clamp 
technique  in  the  WHOLE  CELL  configuration  (Fig.  30.  In  contrast,  all  the 
control  cells  (i.  e.  cells  injected  with  buffer  alone  or  with  a  contr.il 
mRNA,  or  cells  measured  20  min  after  injection)  still  showed  exocytosis. 
Ta)cen  together  these  results  indicated  that  the  A-subunit  of  tetanus  toxin 
alone  is  sufficient  to  bloc)c  exocytosis.  In  addition,  these  data  will 
facilitate  future  studies  involving  site-directed  mutagenesis  to  characte¬ 
rize  functional  subdomains  of  the  A-fragments  of  tetanus  and  botulinum 
type  A  neurotoxins  at  the  molecular  level. 
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Botulinum  neurotoxins  <-150  kOa  proteins)  are  produced  by 
Clostridium  botullnum,  and  are  solely  responsible  for  the  botulism 
disease.  Seven  serologically  distinguishable  types  (A-G)  of 
botullnum  neurotoxin  have  been  identified  which  have  similar 
pharmacological  properties  (1)  with  varying  degree  of  toxicity.  The 
neurotoxins  exist  In  single  and  dIchaIn  forms.  In  the  dIchaIn  form, 
the  two  chains  (light  chain  of  -50  kOa  and  heavy  chain  of  -100 
kOa)  are  linked  through  a  disulfide  bond.  In  general,  the  dIchaIn 
forms  of  the  neurotoxin  are  more  toxic  than  the  single  chain  forms 
(2).  Molecular  basis  of  such  observation  Is  not  clear.  In  the 
proposed  mode  of  the  neurotoxin  action,  the  neurotoxin  binds  to  the 
presynaptic  membranes  of  the  peripheral  nervous  system,  and  the 
whole  or  a  part  of  It  gets  translocated  Into  the  cell  where  it 
causes  the  blockage  of  the  acetylcholine  release  resulting  Into 
flaccid  paralysis  (3).  In  this  process,  the  two  chains  seem  to  act 
In  a  coordinated  manner  that  could  Involve  specific  structural  and 
functional  Interactions  between  them. 

In  order  to  understand  the  structural  basis  of  the  common 
biological  activity,  secondary  structures  of  types  A,  B  and  E 
neurotoxins  were  analyzed.  Majority  of  the  amino  acids  of  the 
neurotoxins  are  In  B-sheet  (40-44X)  and  a-he11ca1  (21-28%) 
conformation,  and  no  obvious  correlation  was  noticeable  between  the 
degree  of  ordered  structures  and  the  degree  of  toxicity.  It  Is 
Interesting  to  note  that  the  secondary  structures  of  botullnum 
neurotoxin  estimated  In  this  study  differ  significantly  from  those 
of  tetanus  neurotoxin  (35%  a-hel1x  and  30%  B-sheets;  4)  which  Is 
structurally  and  functionally  related  to  the  former.  Tertiary 
structural  parameters  such  as  Intrinsic  fluorescence  quantum  yield 
and  degree  of  Tyr  exposure  Indicated  considerable  differences  In  the 
three  neurotoxin  types  studied.  For  example,  Tyr  exposure  In  type  E 
neurotoxin  was  only  61%  whereas  It  was  84%  In  type  A.  Whether  or 
not  such  a  difference  has  any  physiological  Implications  needs 
further  study. 

Interactions  between  the  two  subunit  chains  of  botullnum 
neurotoxin  may  play  significant  role  In  Its  biological  functions.  An 
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Indication  of  specific  Interactions  could  be  derived  If  the 
conformations  of  the  two  chains  are  altered  upon  their  separation. 
Secondary  structural  analysis  of  the  two  chains  and  the  dIchaIn  type 
A  neurotoxin  Indicated  virtually  no  change  In  any  of  the  estimated 
secondary  structural  parameters  of  the  two  chains  upon  their 
separation.  For  example,  a  weighted  mean  of  the  o-he11cal  contents 
of  light  (22.0011)  and  heavy  (18.7511>  chains  was  19.831,  virtually 
same  as  that  observed  for  the  dIchaIn  neurotoxin  (20.001).  The 
degree  of  Tyr  exposure  was  considerably  higher  In  the  heavy  (81.51) 
than  In  the  light  (46.41)  chain.  However,  a  weighted  mean  of  the  Tyr 
exposure  In  light  and  heavy  chains  (69.61)  was  similar  to  the  Tyr 
exposure  observed  for  the  dIchaIn  neurotoxin  (70.71).  These 
observations  suggest  that  the  two  subunit  chains  of  the  neurotoxin 
exist  as  two  independent  domains.  But,  Intrinsic  fluorescence 
studies  and  the  analysis  of  the  circular  dlchrolc  signals  (CD)  of 
the  aromatic  amino  acid  residues  Indicate  a  significant  alterations 
In  the  polypeptide  segments  containing  Trp  residues.  Trp 
fluorescence  quantum  yields  of  light  and  heavy  chains  were  0.072  and 
0.174,  respectively.  The  Trp  fluorescence  quantum  yield  of  the 
dIchaIn  type  A  neurotoxin  (0.197)  was  -291  higher  than  the  weighted 
mean  of  the  quantum  yields  of  the  light  and  heavy  chains  (0.153). 
Similarly,  the  CD  signal  corresponding  to  Trp  residues  (at  292  nm) 
was  -311  higher  In  the  dIchaIn  neurotoxin  relative  to  the  weighted 
mean  of  the  corresponding  CD  signals  of  the  light  and  heavy  chains. 
These  results  Indicate  significant  changes  In  the  polypeptide 
folding  of  the  two  chains  upon  their  separation  suggesting  specific 
Interactions  between  them. 

The  results  presented  above  suggest  the  following: 

1.  Botulinum  neurotoxins  (A,  8  and  E)  have  similar  amount  of 
secondary  structures  with  high  B-sheets  and  low  a-he11x. 

2.  The  neurotoxins  differ  significantly  In  tertiary  structural 
parameters  such  as  Tyr  exposure  and  Trp  fluorescence  quantum  yield. 

3.  Secondary  structures  of  the  light  and  heavy  chains  remain 
unchanged  upon  their  separation. 

4.  Tertiary  structural  folding  of  the  light  and  heavy  chains  changes 
considerably  upon  their  separation. 

5.  The  two  subunit  chains  seem  to  exist  as  semi-independent  domains 
In  the  dIchaIn  botullnum  neurotoxin. 
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INTRODUCTION 


Toxigenic  strains  of  Clostridium  botuiinum  produce  one  or  more  of  7 
immunologically  distinct  neurotoxins  (A-G)  which  cause  paralysis  by 
inhibiting  the  release  of  acetylcholine  from  presynaptic  nerve  terminals. 
C.  botuiinum  toxins  are  thought  to  be  similar  in  secondary  structure  and 
reaction  mechanism  to  C.  tetani  toxin,  and  are  synthesised  as  a  single 
polypeptide  chain  comprising  of  a  light  (L-)  chain  of  55  kDa  and  a  heavy 
(H-)  chain  of  95  JcDa  (for  review,  see  1)  .  To  facilitate  our 
understanding  of  these  toxins  we  have  determined  the  complete  primary 
amino  acid  sequence  of  the  type  A  neurotoxin,  by  nucleotide  sequence 
analysis  of  the  encoding  gene. 


CLONING  STRATEGY 


The  amino  acid  residues  which  exhibited  the  least  translational 
degeneracy  (6-14)  were  selected  from  the  determined  N-terminal  sequence 
of  purified  H-chain  and  used  to  design  a  26-mer  oligonucleotide  probe. 
Southern  hybridisation  studies,  using  genomic  DNA  from  C.  botuiinum  type 
A  and  the  radiolabelled  probe,  enabled  the  construction  of  a  restriction 
map  of  the  region  encoding  the  neurotoxin  gene . 

Toxicity  of  the  molecule  is  lost  if  the  L-  and  H-chains  are 
separated,  or  if  the  C-terminus  of  the  H-chain  is  removed  (1) .  The 
estimated  size  of  the  neurotoxin  gene  is  4  Jtb.  It  follows  that  a  2  Icb 
fragment  should  prove  nontoxigenic  when  cloned  into  E.  coli.  The 
restriction  map  showed  that  amino  acids  6  through  14  were  encoded  by  a  5 
Icb  PvuII  fragment.  Subsecjuent  digestion  of  purified  5  kb  PvuII  fragments 
with  Taol  generated  a  2  kb  fragment  which  hybridised  to  the  radiolabelled 
probe.  The  PvulI/TaqI  fragments  were  isolated,  cloned  into  pMTL23  and  a 
positive  clone  (pCBA2)  was  identified  by  ^  situ  colony  hybridisation. 

Comparison  of  the  nucleotide  sequence  of  the  insert  with  tetanus 
toxin  revealed  that  50%  of  the  L-chain  and  38%  of  the  H-chain  had  been 
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Cloned,  'ipeclfic  subfregmenta  of  the  pCBA2  inaert  were  tadiolabelled  and 
uaed  aa  probea  to  Identify  and  clone  the  genomic  fragments  encoding  the 
S'-  and  3' -end  of  the  toxin  gene.  The  data  obtained  indicated  that  a  3.4 
kb  Hpal/PvuII  fragment  and  a  2,4  kb  Taol/Scal  fragment  encoded  the  3'- 
and  S' -end  of  the  gene,  reapectively.  Positive  clones  containing  the  5'- 
end  (pCBA4)  and  the  3' -end  of  the  gene  were  identified  '.nd  the  nucleotide 
sequence  of  the  cloned  inserts  determined. 

The  probability  of  co-cloning  of  adjacent  sequences  of  the  neucotoxln 
gene  was  remote  because  digestion  of  the  genomic  CHA  with  Hoa I/PvuII 
cleaves  the  S' -end  of  the  gene  resulting  in  a  O.S  kb  Hpal.  a  0.9  kb  ana  a 
0.2S  kb  Hpal/PvuII  fragment.  Similarlly  cleavcge  with  Tsgl/Seal  cleives 
the  central  portion  of  the  gene  into  a  O.SS  kb  Tagl/Scal.  O.SS  kb  and 
0.75  kb  Seal  fragment. 


FEATURES  OF  THE  TOXIN  GENE 


The  deduced  neurotoxin  peptide  contains  129S  amino  acid  residues  and 
has  a  predicted  molecular  weight  of  149S80  Da.  Discrepancies  with 
previously  determined  protein  sequences  were  apparent,  e.g..  Gin  at 
position  2  rather  than  Pro  (2),  Glu  at  position  480  Instead  of  Pro  (3) 
and  Thr  and  Ser  at  positions  876  and  896  rather  than  Leu  and  Lys  (4)  . 
The  L-chain  was  analysed  with  amino  acid  sequence  fingerprinting  for  the 
presence  of  a  classical  ADP  ribose  binding  fold  (see  1),  but  no  such 
sequence  was  found. 

The  comparative  alignment  of  botulinum  and  tetanus  toxin  showed  that 
they  share  33.44  identity.  The  cysteine  residues  conserved  at  position 
430  and  454  probably  participate  in  the  disulphide  bridge  linking  the  L 
and  H-chains.  Further  analysis  by  a  dot  matrix  plot  demonstrates  that 
the  H-chain  of  the  2  proteins  share  a  greater  degree  of  homology  than  the 
L-chains.  The  most  extensive  homology  occurs  at  the  N-termini  of  the  H- 
chaln  where  hydrophobic  regions  are  conserved.  This  domain  is  implicated 
in  channel  forming  activities  (see  1) . 
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INTRODUCTION 

Clostridium  botulinum  is  able  to  produce  a  high  molecular  weight  protein 
of  extreme  ncurotoxic  capacity.  This  toxin  is  the  causative  agent  of 
botulism.  Various  immunological  types  (A  to  G)  are  known  of  which  mainly 
types  A,B  and  E  are  involved  in  human  intoxication.  Presence  of  C. botulinum 
in  a  sample  is  determined  by  enrichment  culturing  and  subsequent  testing  of 
Che  culturing  fluid  for  botulinum  toxin.  Uptill  now  the  most  reliable 
method  for  this  test  is  Che  mouse  bio-assay.  An  alternative  method  is  the 
use  of  DNA  hybridization  to  detect  the  organism  directly.  However  Co 
develop  a  suitable  DNA  probe,  information  is  needed  on  the  nucleotide 
sequence  of  Che  toxin  genes.  Ue  therefore  decided  to  clone  .and  sequence 
parts  of  Che  genes.  As  a  result  of  the  these  data  we  have  been  able  to 
deduce  Che  partial  amino  acid  sequence  of  the  toxin  type  B  and  E. 


MATERIALS  AND  METHODS 

Chromosomal  DNA  was  isolated  from  C. botulinum  (strains  B/Okra  and  E/Beluga) 
and  subsequently  digested  with  various  restriction  endonucleases.  The 
reaction  mixtures  were  fractionated  on  an  agarose  gel,  DNA  fragments  of  < 

1  kb.  in  size  were  isolated  and  ligated  into  linearized  pUC19-vector .  By 
transformation  E.coli  recombinants  were  obtained  and  those  containing 
parts  of  the  C. botulinum  toxin  genes  were  identified  by  hybridization  with 
synthetic  oligonucleotide  probes,  their  sequencing  being  based  on  rever.se 
translation  of  concise  amino  acid  sequence  data  from  literature  (^). 
Positive  clones  were  subjected  to  DNA  sequencing  and  the  amino  acid 
sequence  encoded  is  presented  here. 


RESULTS  AND  DISCUSSION 

In  fig.  1  the  partial  amino  acid  sequences  are  given  for  type  B  and  E 
toxin,  starting  at  the  N-terrainal  end  of  the  L-chaln  subunit. 
Comparison  of  these  data  with  direct  amino  acid  sequencing  data  from 
literature  (1,3,5)  shows  that: 
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a)  the  N-Cerminal  methionine  residue  Is  not  found  In  the  toxin.  This  Is 
probably  removed  by  processing. 

b)  residues  2-17  from  the  deduced  B/Okra  sequence  are  in  agreement  with 
the  first  16  residues  known  from  direct  anlno  acid  sequencing  (5).  However 
residue  30  (threonine)  differs  from  the  methionine  which  is  found  at  the 
corresponding  site  in  ncurotoxin  from  strain  B/657  (1).  This  may  cohere 
with  the  observation  that  type  B  toxins  from  different  strains  can  display 
different  immunological  behaviour  (4). 

c)  residues  2-48  of  the  deduced  E/Beluga  sequence  match  the  first  47  known 
amino  acids  of  the  type  E  toxin  (3).  This  type  of  toxin,  isolated  from 
various  C.botulinum  strains,  has  been  found  to  display  no  immunological 
variations  (personal  observation). 

d)  considerable  homology  is  present  between  C.botulinum  neurotoxins  and 
the  tetanus  toxin  from  C.tetanl  (2). 

Elucidation  cf  the  complete  amino  acid  sequence  of  the  C.botulinum 
neurotoxins  will  enable  determination  of  functional  domains  and  their 
modes  of  action. 


B/Okra:  10  20  30 

I  I  I 

1  MPVTINNFNY  NDPIDNNNII  MMEPPFARCT  GRYYKAFK 

E/Beluga;  10  20  30  40  50  60 

I  I  I  I  I  I 

1  MPKINSFNYN  DPVNDRTILY  IKPGGCQEFY  KSFNIMKNIW  IIPF.RNVIGT  TPQDFHPPTS 

6]  I.KVGDSSYYD  PNYLQSDEEK  DRFtJdVTKI  FNRINNNI,.SC  GIMEELSEA  NTYirvnNTP 

121  DNQFHIGDAS  AVEIKFSNGS  QDILLPSVII  MGAEPDLFET  NSSNISI.RNN  mPSNtfHFGS 

181  lAIVTrSPEY  SFRFNDNSMN  EFIQDPALTL  MHELIHSIJIC  LYGAKCITTK  YTITQF  ,i‘IPL 

241  ITNIRGTNIE  EF 

Fig.  1 :  Partial  amino  acid  .sequences. 
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Clostridium  difficile  produces  two  toxins  A  and  B  which  are  major 
factors  of  pathogenicity.  Because  toxin  A  is  a  one  chain  protein  of 
300  kOa  the  encoding  gene  segment  should  be  8000-9000  bp.  We  have 
already  cloned  a  toxin  A  gene  fragment  by  colony  blotting  (v.  Eichel- 
Streiber  et  al.,  1989).  The  aim  of  the  work  presented  was  to  isolate 
clones  af1j.acent  to  prdl4  and  fir'd  13  and  iHirtheron  to  sequence  parts  of 
the  toxin  A  gene  (toxA) .  These  studios  should  lead  to  a  better  under¬ 
standing  of  the  molecular  architecture  and  the  mechanism  of  action  of 
this  potent  toxin. 

The  toxA  gene-fragment  coukl  be  extended  from  10  to  20  kb  by  chromo¬ 
some  walking.  The  deternunation  of  the  direction  of  transcription  proves 
that  pCdl22  lies  upstream  of  pCdl4  and  pCdlO?  lies  downstream  of 
pCdl3  (Fig.l).  This  extended  DNA-fragment  contains  the  total  toxA. 
To  sequence  toxA  overlapping  plasmid  clones  were  created  either  by 
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Fig  1: 


Physical  map  of  Clostridium  difficile  toxA 
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subcloning  of  restriction  fragments  or  according  to  the  method  of  Heni- 
koff  (1987) ,  These  clones  were  used  to  determine  a  nucleotide  sequence 
of  8815  bp  length  by  Dideoxy-sequencing  of  plasmid  DNA  using  T7- 
DNA-Polymerase.  Only  one  open  reading  frame  was  detected  which  was 
large  enough  to  cover  the  toxin  A.  The  molecular  weight  of  the  protein 
deduced  from  this  sequence  is  309k Da  and  the  isoelectric  point  pK.  is 
5,35.  The  ATG-codon  of  the  toxin  A  gene  Lies  between  the  two  HiAcII 
sites  at  2,6  kb  of  the  physical  map  followed  by  the  8142  bp  open  rea¬ 
ding  frame  ended  by  a  tandem  stop  codon.  The  3*  end  of  toxin  A  is 
located  at  10,5  kb  of  the  physical  map,  90  bp  downstream  of  the  Pst  I 
site.  There  is  a  Shine-Delgarno  sequence  in  front  of  the  gene  and  a 
rho-independent  terminator  of  transcriptiDn  at  the  end.  Upstream  of  the 
3'  end  of  toxA  a  2499  Bp  repetitive  segment  was  identiiied  which  con¬ 
sists  of  9  different  SRON's  (shortest  repetitive  oligonucleotides).  The 
self  homology  of  toxin  A  at  the  C-terminus  could  also  be  shown  by  a 
dot  matrix  plot,  indicating  the  repetitive  protein  segment.  A  group  of 
five  crop's  (  combined  repetitive  oligopeptides)  was  created  by  combin¬ 
ing  three  individual  SRON's.  One  tfiird  of  the  toxin  A  protein  consists 
of  repeats  of  the  five  different  CROP'S.  The  box  in  the  physical  map 
marks  the  protfdn  segment  which  consists  of  repetitions  of  CROP'S. 
Consensus  sequences  of  the  five  CROP'S  are  presented  in  Tab.l. 
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Tab  1 ;  Consensus  sequences  of  the  five  CROP'S  (  combined  repetitive 
oligopeptides) 


There  are  two  major  hydrophobic  blocks  within  toxin  A.  The  first  is 
positioned  in  the  ct?ntor  of  toxin  A  between  amino  adds  950  and  1200. 
The  second  hydrophobic  block  is  located  at  the  C-terminus  close  to  the 
repetitive  structure.  Within  the  repeats  tliere  are  no  major  hydrophilic 
or  hydrophobic  areas.  Instead  therej  are  remar kablt;  drops  in  hydrophili- 
dty  within  each  of  the  highly  consYirved  CROP’S  which  we  call  AMCK 
(  nf?e  Tab.  1) . 

Using  the  "variability  index"  of  tho  individual  CROP'S  two  large  and 
two  small  clustered  dom.ains  of  conser’/atinn  and  three  domains  of  high 
variability  were  flet(x:tod  within  the  repetitive  area.  Within  the  ocean  of 
four  relatively  homologous  CROP'S  (  KV,  lA,  IS,  RA)  there  lies  the 
fifth  highly  conserved  oligopeptide  like  an  island.  We  call  these  Islands 
AMCK  ("Antigen  fxxrus  by  Insistent  Computer  F.valuatk>n") .  ALICK  is 
remarkable  because  it  is  fiighly  conserved,  always  include?  a  huge  drop 
in  hydrophilidty ,  Lacks  structured  ar»*<is,  and  p)ossibly  contains  a  major 
antigenic  site.  This  assumption  is  confirmed  by  the  reactivity  of  two 
monoclonal  antibodies.  The  mAbs  PCG-4  (byerly  et  al.,  1986)  and 
1337C8  (v.F.ichtal-Streilxjr  et  al.l9fl9)  react  only  with  toxin  A  and  preci¬ 
pitate  this  toxin  in  the  Ouchterlony  tr,>st.  Subcloning  experiments  show 
that  the  mAb  1337C3  binds  to  an  <?pitnpe  which  Ls  part  of  the  repetitive 
structure. 
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Chemical  Modification  of  S.  aureus  a-toxin  by  Diethyipyrocarbonate: 
Effects  on  its  Channel-Forming  Properties 

C.  Pederzolli,  L.  Cescatti  and  G.  Menestrina 

Oipartimento  di  Fisica,  Universita  di  Trento,  Italy 


INTRODUCTION 

Staphylococcus  aureus  a-toxin  is  a  cytolytic  exotoxin  secreted 
as  a  single  Mater-soluble  33  kDa  polypeptide  with  pi  8.5  (1). 
It  causes  erythrocyte  lysis  and  damage  to  nucleated  cells. 
Current  evidences  indicate  that  a-toxin  oligomerizes  on  the 
cell  surface  forming  an  amphiphilic  hexamer  that  inserts  into 
the  lipid  bilayer  generating  a  transmembrane  channel 
responsible  for  ion  leakage.  A  colloid-osmotic  shock  follows 
leading  to  the  lysis  of  the  membrane  and  eventually  to  the 
death  of  the  cell  (2). 

Consistently  with  this  hypothesis  we  have  observed  that 
a-toxin  interacts  with  planar  lipid  membranes  and  small 
unilamellar  vesicles  by  opening  ionic  channels  and  that  the 
aggregation  of  several  toxin  monomers  is  required  for  the 
formation  of  one  pore  (3,4), 

These  water — filled  pores  have  an  average  diameter  of  lltl  A 
and  are  rather  anion-selective.  The  selectivity  increases  at 
low  pH  suggesting  that  it  is  due  to  the  overall  positive 
charge  of  the  toxin  below  pH  8.5. 

To  investigate  the  role  of  the  electric  charge  of  this  protein 
on  its  pore-forming  properties  we  have  modified  it  by 
treatment  with  diethyipyrocarbonate  (DEPC)  which  modifies 
histidyl  and  lysyl  residues  removing  the  positive  charge  on 
their  amino-group  (5). 


MATERIALS  AND  METHODS 

Liophilyzed  a-toxin  from  Staphylococcus  aureus  was  kindly 
gifted  by  Dr.  Hungerer  (Behring,  Marburg,  FRG).  Carbethoxy- 
lation  with  DEPC  and  decarbethoxy lation  by  hydroxy lamine  were 
performed  essentially  as  described  by  Miles  (5).  The  number  of 
modified  histidine  residues  per  a-toxin  monomer  was  caculated 
from  the  increase  in  absorbance  at  240  nm  using  an  absorption 
coefficient  of  3.2  10^3  M^-1  cm''-i  (5). 
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RESULTS 

The  extent  of  histidvl  modification  can  be  followed 
spectrophotomet  "ical ly  and  saturates  at  about  three  histidines 
modified  per  ;i-toxin  monomer,  which  is  the  known  histidine 
content  of  a-tc>;in  (6).  As  expected  histidine  modification  is 
to  a  good  deal  reversible  by  treatment  with  hydroxy  1  amine . 

Me  have  found  that  modification  of  even  one  of  the  three 
histidines  of  this  toxin  is  enough  to  impair  its  activity  on 
red  blood  cells  and  platelets  whereas  only  two  histidines  are 
essential  for  its  activity  on  model  membranes  such  as  lipid 
vesicles  and  planar  bilayers.  Loss  of  activity  is  mainly  due 
to  defective  binding  but  the  oligomerization  step  is  also 
inhibited.  All  the  activity  is  restored  by  hydroxy  1  amine 
treatment. 

Me  think  that  the  two  essential  histidines  of  a-toxin  are 
located  one  in  the  lipid  binding  site  and  the  other  in  the 
hexamerization  promoting  site.  Consistently  when  a-toxin 
hexamers  are  assembled  onto  lipid  vesicles  two  of  the 
histidines  become  protected  from  DEPC  modification. 

Native-page  and  isoelectric-focusing  ge 1 -e 1 ec trophores i s 
reveal  that  DEPC  modifies  the  charge  of  the  toxin  in  discrete 
steps,  probably  by  modifying  some  of  its  lysyl  residues. 
Consistently  these  effects  are  unaffected  by  hydroxy  1  amine 
treatment.  Modification  of  a  few  lysyl  residues  alone  does  not 
reduce  the  activity  of  the  toxin  either  on  cells  or  on  model 
systems  but  decreases  the  conductance  and  the  selectivity  of 
the  pore.  Even  chemical  modification  of  preformed  channels  in 
planar  bilayers  (where  histidines  are  protected)  produces  a 
linearization  of  their  current-voltage  characteristic  and  a 
reduction  of  their  anionic  selectivity.  This  indicates  that 
positively  charged  lysins  are  actually  located  in  the  lumen  of 
the  pore  and  thus  are  important  in  determining  its  electrical 
properties  and  that  they  remain  accessible  from  the  solution. 
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Site-Directed  Mutagenesis  of  eta  Gene  of  Staphylococcus  Aureus 
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Institutde  Bact^riologie.  Laboratoire  de  Toxinologie  Bact^rienne.  (Prof.H.  Monteil).  Faculty  de 
MMecine.  Strasbourg,  France 


The  DNA  encoding  the  exfoliative  toxin  A  gene  (eta)  of  Staphylococcus  aureus 
30586  was  cloned  within  a  3.3  kb  Hind  III  chromosomal  fragment  into 
plasmid  pUC  18.  The  dideoxy  chain  terminator  sequencing  method  was  used 
to  determine  the  sequence  of  the  eta-contair.ing  cloned  fragment.  The  eta  gene 
was  expressed  from  its  natural  promoter  in  E.  coli  JM  83,  but  the  synthesized 
protein  (ETA)  was  not  secreted  in  culture  supernatant.  It  reacted  with  polyclonal 
antibodies  md  was  biologically  active.  The  3.3  kb  Hind  III  fragment  was  then 
cloned  into  a  shuttle  plasmid  pLP  1202,  and  S.  aureus  RN  4220  was  transformed 
by  electroporation.  The  toxin  was  secreted  in  the  culture  supernatant  by  this 
transformed  strain. 

The  structure-function  relationships  of  this  toxin  were  investigated  by  site- 
direcred  mutagenesis  using  several  synthetic  oligodeoxynucleotides  to  induce 
deletions  in  different  regions  of  the  gene.  Length  of  deletions  ranged  from  4  to 
28  aminoacids  residues. 

Deletions  of  15  and  28  aminoacids  in  the  signal  sequence  prevented  the  secretion 
of  toxin  by  S.  aureus  RN  4220  in  culture  supernatant,  but  cell  lysates  contained 
an  active  toxin.  Deletions  of  10  and  20  aminoacids  from  the  NH2-terminus  of  the 
protein  led  to  the  excretion  of  non  active  toxin  which  remained  recognized  by 
polyclonal  antibodies. 

Three  homologous  regions  exist  within  ETA  and  ETB  protein  sequences  (1)  : 
the  first  between  the  aminoacids  -f  41  and  +  69,  the  second  between  +  99  and 
+  124  and  the  third  between  +  198  and  +  209.  Deletions  were  carried  out  in 
these  three  sequences.  In  the  first  region  a  deletion  of  13  aminoacids  (from  +  56 
to  +  69)  inactivated  the  toxin  and  conserved  the  immunological  reactivity 
whereas  another  deletion  of  4  aminoacids  (from  +  41  to  +  45)  did  not  suppress 
the  biological  activity  of  the  toxin  and  conserved  the  immunological  reactivity. 
In  the  second  sequence  of  homology,  a  deletion  of  1 1  aminoacids  (from  +  99  to 
+  110)  inactivated  the  biological  effect  and  suppressed  the  immunological 
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reactivity  and  another  deletion  of  9  aminoacids  (from  +  115  to  +  124) 
suppressed  the  biological  activity  but  not  the  immunological  reactivity.  Finally,  a 
deletion  of  15  aminoacids  (from  +  188  to  +  203)  in  the  third  zone  of  homology 
inactivated  the  biological  and  immunological  activities  of  the  protein. 

Some  regions  in  mature  ETA  seemed  therefore  to  be  important  for  the 
biological  activity,  or  have  a  crucial  role  for  the  immunological  reactivity  but 
did  not  interfere  with  the  secretion.  Only  mutations  within  the  signal  sequence 
alter  the  export  of  the  molecule.  More  smaller  deletions  and  point  mutations  will 
be  done  to  determine  the  essential  aminoacids  for  activity  or  immunogenicity. 
Further  studies  are  needed  to  quantify  the  specific  activities  of  the  obtained 
mutants  and  to  determine  the  exportation  rate  of  these  toxins  through  the 
staphylococcal  envelopes. 
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Putative  Functional  Domains  of  Protein  B  (CAMP-Factor)  Predicted 
from  Sequence  Comparisons 
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INTRODUCTION 

CAMP-foctor  was  first  described  in  1944  by  Christie,  Atkins  and  Munch-Petersen 
os  on  extracellular  product  of  group  B  streptococci,  which  causes  hemolysis  tf 
sphingomyelinase-treated  sheep  erythrocytes  (1).  In  addition  to  its  well  known  co- 
hemolytic  activity  a  recent  study  has  shown  that  CAMP-factor  binds  in  a  non-im- 
mune  reaction  to  the  Fc-part  of  immunoglobulins  (4).  It  hence  exhibits  similar  pro¬ 
perties  os  protein  A  of  Staphylococcus  aureus  and  protein  G  of  group  G  strepto¬ 
cocci.  Therefore,  CAMP-factor  was  designated  "protein  B". 

The  presence  of  two  different  biological  activities  in  protein  B  such  as  co-hemoly¬ 
sis  and  Fc-binding,  rises  the  question  whether  these  functions  may  be  associated 
with  different  domains.  The  knowledge  of  the  complete  amino  ocid  sequence  of 
protein  B  (5)  enabled  now  the  application  of  theoretical  approaches  (e.g.  hydropho- 
bicity  analyses,  sequence  comparisons  or  secondary  structure  predictions)  for  fur¬ 
ther  characterization  of  these  domains.  This  report  describes  partial  sequence  si¬ 
milarities  between  protein  B  and  apolipoprotein  A-IV,  tropomyosin  2  and  protei.n  A. 
In  addition,  the  significance  of  these  similarities  is  discussed  with  respect  to  struc- 
ture/function  relationship  of  protein  B. 

MATERIAL  AND  METHODS 

The  sequence  comparisons  have  been  performed  as  described  (6). 

RESULTS  AND  DISCUSSION 

Comparison  with  apolipoprotein  A-IV;  Comparison  of  protein  B  (pos.  1  -  118)  and 
apolipoprotein  A-IV  (pos.  144  -  256)  revealed  32  %  similarity  between  both  sequen¬ 
ces  when  3  breoks  were  introduced  for  optima!  alignment  (alignment  score  1.9  SD). 

The  similarity  is  restricted  to  that  segment  of  protein  B,  which  corresponds  al¬ 
most  to  the  9  kDa  CNBr-fragment  (6).  Interestingly,  this  CNBr-fragment  has  been 
shown  to  bind  to  lipid  suspensions,  whereos  the  1 3.5  kDo  CNBr-fragment  did  not 
bind  (7).  In  addition,  the  four  potential  amphiphilic  helices,  which  may  be  involved 
in  protein/lipid  interaction  are  located  within  the  some  segment  of  protein  B  (6). 
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We  think  that  the  similarity  between  a  partial  sequence  of  protein  B  and  a  segment 
of  the  putative  lipid-binding  domain  of  apolipoprotein  A-IV  reflect  a  common  func¬ 
tion  of  both  sequences,  namely  to  interact  with  lipids. 

Comparison  with  tropomyosin  2;  Comparison  of  protein  B  (pos.  113  -  166)  and  tro- 
pomyosin  2  (pos.  l98  -  253)  revealed  51  %  similority  between  both  sequences  when 
3  breaks  were  introduced  for  optimal  alignment  (alignment  score  5.0  SD). 

The  functional  consequences  of  this  obvious  similarity  are  yet  not  known.  With  re¬ 
spect  to  the  similarity  with  tropomyosin  protein  B  resembles  staphylococcal  prote¬ 
in  A  and  streptococcal  M  protein,  which  also  exhibit  significant  similarity  with 
myofibrillar  proteins  such  as  tropomyosin,  myosin,  ond  actin  (3). 

Comparison  with  protein  A:  Comparison  of  protein  B  (pos.  129  -  217)  and  protein  A 
{pos.  182  -  267)  revealed  40  %  similarity  between  both  sequences  when  2  breaks 
were  Introduced  for  optimal  alignment  (alignment  score  5.5  SD). 

The  89-residue  string  of  protein  B,  exhibiting  similarity  with  a  part  of  the  Fc-bind- 
Ing  domain  of  protein  A  (Fc-binding  regions  B  ond  C),  corresponds  almost  to  the 
13.5  kDa  CNBr-fragment  (5).  Interestingly,  this  CNBr-fragment  showed  unspecific 
binding  to  immunoglobulins,  whereos  no  binding  was  found  for  the  9  kDa  CNBr- 
fragment  (2). 

In  conclusion,  the  experimental  data  from  studies  with  purified  CNBr-fragments 
(2,  7)  and  the  results  from  sequence  comparisons  (5,  6)  supports  the  ossumption, 
that  (1)  the  amino-terminal  domain  may  be  involved  in  lipid-binding  whereas  (ii) 
the  carboxy-terminal  domain  may  be  responsible  for  Fc-binding. 
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INTRODUCTION 

Interleukln-2-toxin  (IL-2-toxin)  Is  a  68,142kDa  fusion  protein  in  which 
amino  acids  2  through  133  of  lnterleukin-2  are  fused  to  Ala485  of  diph¬ 
theria  toxin  (1).  This  fusion  toxin  has  been  shown  to  combine  the  receptor 
binding  specificity  of  IL-2  with  the  cytotoxic  potency  of  diphtheria 
toxin.  In  order  to  further  our  understanding  of  IL-2-toxin  and  to  clarify 
the  role  of  diphtheria  toxin  fragment  B  sequences  in  the  fusion  protein, 
we  have  used  cassette  exchange  and  deletion  mutagenesis  techniques  to 
assemble  a  family  of  IL-2-toxins  having  lesions  within  the  fragment  B 
domain.  Following  purification,  wild  type  and  mutant  proteins  were  as¬ 
sayed  for  their  ability  to  inhibit  protein  synthesis  in  IL-2  receptor 
positive  Hutl02/6TG  human  T  cells.  The  ultimate  goal  of  these  studies 
is  to  define  the  precise  location  of  those  domains  required  for  the  mem¬ 
brane  translocation  of  fragment  A  into  the  eukaryotic  cell  cytosol. 

**N0TE!  The  nomenclature  adopted  for  "wild  type"  IL-2-toxin  is  DAB,g,-IL2. 
Amino  acid  numbering  in  DAB^gg-IL2  is  out  of  phase  with  that  of  native 
diphtheria  toxin  by  one  amino  acid  due  to  the  deletion  of  the  diphtheria 
toxin  signal  sequence  and  the  addition  of  a  methionine  residue  at  the 
amino  terminus  of  the  fusion  protein. 


MATERIALS  AND  METHODS 

All  fusion  proteins  used  in  this  study  were  expressed  in  the  cytoplasm 
of  Escherichia  coli  strain  JMlOl  at  30®C  from  the  inducible  promoter , trc (2) . 
Clarified  bacterial  lysates  were  applied  to  an  anti-diphtheria  toxin 
immunoaffinlty  column  at  4®C.  Iimnunoreactive  material  was  eluted  with 
4M  guanidine  hydrochloride  in  phosphate  buffer,  pH7.2,  treated  with  1% 
2-mercaptoethanol,  and  subjected  to  size  fractionation  by  HPLC.  Cyto¬ 
toxicity  assays  were  performed  as  described  by  Williams  et.  al.  (1).  The 
inhibition  of  protein  synthesis  is  expressed  as  the  percentage  of  [14C]- 
leucine  incorporated  by  toxin  treated  cells  compared  with  untreated  controls. 
Standard  methods  were  used  for  all  DNA  manipulations. 


RESULTS  AND  DISCUSSION 

The  non-toxic  diphtheria  toxin  mutant,  CRMlOOl,  had  been  found  to  carry 
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a  single  mlssense  nutation,  Cys471  to  Tyr471,  which  prohibits  the  formation 
of  the  disulfide  bond  within  fragment  B  (3).  Although  CRMlOOl  is  enzymat¬ 
ically  active,  its  lack  of  cytotoxicity  suggests  that  the  Cys461-CysA71 
bond  la  essential  for  Internallzatlon/processing  of  the  toxin.  Assuming 
that  the  IL-2  component  of  DAB,g,-IL2  constitutes  a  complete  and  Independent 
binding  domain,  it  was  anticipated  that  the  incorporation  of  the  CRMlOOl 
mutation  into  the  gene  encoding  IL-2-toxin  would  allow  us  to  evaluate  the 
role  of  the  Cys462-Cys472  disulfide  bond  in  the  Internalization/processing 
of  the  fusion  toxin.  We  have  Incorporated  the  Cys  to  Tyr  mutation  into 
the  coding  sequence  for  IL-2-toxln  by  exchanging  an  Accl-Sphl  restriction 
fragment  with  the  analogous  fragment  from  the  toxlOOl  allele.  The  resul¬ 
ting  toxin  has  been  designated  DAB1001^ggIL2.  As  demonstrated  by  dose 
response  analysis  (Figure  1),  the 
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gen”.  The  reading  frame  between  truncated  fragment  B  sequences  and  the 
IL-i  encoding  domain  was  restored  via  the  insertion  of  an  oligonucleotide 
linker.  In  the  first  mutant,  DAB-ggIL2,  97  amino  acids  were  removed  between 
Thr387  and  Ala486.  The  diphtheria  toxin  component  of  DAB-g5lL2  is  analogous 
to  the  non-toxic  diphtheria  toxin  mutant,  CRM45.  The  second  deletion  mutant 
DAB~qvIL2,  has  an  additional  94  amino  acids  deleted  from  fragment  B.  This 
deletion  Includes  two  putative  membrane-spanning  helices  thought  to  ,  lay 
a  role  in  Che  membrane  translocation  of  fragment  A  (4).  As  can  be  seen 
from  the  dose  response  curves  in  Figure  2,  i^.-m 

treatment  of  Hutl02/6TG  cells  with  full 

length  lL-2-toxln  inhibited  protein  ^ 

synthesis  by  50%  (IC50)  at  a  con-  I 

centratlon  of  4x10  M,  Simllarlv,  |  \\ 

the  IC50  for  DABgg2lL2  was  2x10  M.  5  „  \.\ 

In  marked  contrast,  the  cytotoxicity  5  \  ” 

of  DAB2QrIL2  was  reduced  by  10,000-  ^  .,0-  \ 

fold.  These  results  strongly  suggest  S  \  \ 

that,  in  the  case  of  IL-2-':oxin,  the  |  10- 

transmembrane  domains  between  Thr301  «  n. • 

and  Phe369  are  essential  for  delivery  - - ~ — - - r 

of  fragment  A  to  the  cytosol  of  target  cells.  ”  'o  o  «  10  10  -a 
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INTRODUCTION 

The  normal  entry  mechanism  of  diphtheria  toxin  involves 
binding  to  surface  receptors,  internalization  from  coated  ( its 
and  delivery  to  endosomes  (1).  Here  the  low  pH  induces  a 
conformacional  change  in  the  B-fragment  such  that  ncrm»'’1y 
hidden  hydrophobic  domains  become  exposed  and  insert  themsei- 
ves  into  the  membrane.  If  acidification  of  endosomes  is 
prevented,  translocation  of  the  A-fragment  to  the  cytosol  does 
not  occur  and  protein  synthesis  is  not  inhibited  (2,  3). 

Translocation  of  diphtheria  toxin  across  the  limiting  membrane 
of  the  endosomes  is  difficult  to  study  in  detail,  because  the 
conditions  on  the  two  sides  of  the  membrane  cannot  be 
manipulated  in  a  controlled  manner.  However,  when  cells  with 
surface-bound  toxin  are  exposed  to  acidic  medium,  transloca¬ 
tion  across  the  plasma  membrane  is  induced.  This  is  a  system 
amenable  to  experimental  manipulations  (3).  To  reduce 
endocytic  uptake,  the  toxin  can  be  bound  to  the  cells  at  low 
temperature,  and  translocation  can  chen  be  induced  by  a  brief 
exposure  to  pH  <  5.3  at  37  °C.  The  experiment  mimics  at  the 
cell  surface  a  process  that  normally  occurs  in  the  endosomes. 

The  conditions  on  the  two  sides  of  the  plasma  membrane  can  be 
manipulated  in  a  number  of  ways.  The  membrane  potential  can  be 
altered,  and  the  ionic  conditions  and  the  pH  can  be  changed 
independently  in  the  cytosol  and  in  the  external  medium. 
Diphtheria  toxin  translocation  both  from  endosomes  and  from 
the  cell  surface  are  not  very  efficient  processes.  In  fact, 
the  rate  of  ADP-ribosylation  of  elongation  factor  2  in 
intoxicated  cells  can  be  accounted  for  by  entry  of  only  a  few 
per  cent  of  the  total  number  of  surface-bound  toxin  molecules 
(4). 
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to  cells,  which  were  then  dissolved  under  non-reducing 
conditions  and  analyzed  by  polyacrylamide  gel  electrophoresis 
in  the  presence  of  sodium  dodecyl  sulfate.  Lane  2:  As  lane  1, 
but  the  cells  were  treated  with  pronase  before  they  were 
lysed.  Lane  3:  As  lane  1,  but  the  cells  were  exposed  to  pH  4.5 
for  2  min  before  lysis.  Lane  4:  As  lane  3,  but  after  being 
exposed  to  low  pH,  the  cells  were  treated  with  pronase  and 
then  lysed.  Lane  5:  As  lane  4,  but  0.1  mM  DIDS  was  present 
during  the  exposure  to  low  pH.  Lane  6:  As  lane  4,  but  the 
cytosol  was  acidified  by  treatment  with  acetate  before 
exposure  to  low  pH.  (Data  from  refs.  4  and  5) . 

REQUIREMENTS  FOR  TRANSLOCATION 

When  toxin  entry  was  induced  as  described  above,  the  disulfide 
that  links  the  A-  and  the  B-fragment  was  reduced  in  5-10  %  of 
the  toxin  molecules  (5) .  The  B-fragment  was  rapidly  cleaved 
to  smaller  components  (Fig.  1,  lane  3).  The  reduction  is 
presumably  due  to  exposure  of  the  inter-fragment  disulfide  to 
the  reducing  conditions  in  the  cytosol.  A  similar  percentage 
of  the  toxin  molecules  were  transferred  to  a  position  where 
they  were  shielded  from  degradation  by  externally  added 
pronase  (4).  It  therefore  appears  that  5-10  \  of  the  surface- 
bound  toxin  molecules  are  translocated  to  the  cytosol.  In 
these  molecules,  the  whole  A-fragment  was  protected  against 
pronase,  while  only  a  25  KD  piece  of  the  B-fragment  was 
protected  (Fig.l,  lane  4). 

Permeabilization  of  the  pronase-treated  cells  with  saponin 
releases  cytosolic  components  such  as  lactate  dehydrogenase. 
Also  the  toxin  A-fragment  was  released  by  the  saponin 
treatment,  whereas  the  25  KD  piece  of  the  B-fragment  remained 
associated  with  the  membrane  fraction  (4).  The  A-fragment 
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therefore  appears  to  be  free  in  the  cytosol,  whereas  the 
protected  part  of  the  B-fragnent  is  presumably  inserted  into 
the  plasma  membrane. 

The  main  requirements  for  translocation  of  the  toxin  appear  to 
be  an  inward  directed  proton  gradient.  In  the  absence  of 
permeant  anions  translocation  of  the  A-fragment  is  inhibited, 
whereas  insertion  of  the  25  KO  polypeptide  takes  place. 

Similar  results  are  obtained  in  the  presence  of  anion 
transport  inhibitors,  e.a.  4,4*-diisothiocyano~2,2'-stil- 
benedisulfonic  acid  (OIOS)  (Fig.l,  lane  5). 

It  appears  that  a  transmembrane  pH-gradient  of  at  least  1  pH** 
unit  is  necessary  for  entry  of  the  toxin  (7).  Thus,  when  the 
pH-gradient  was  reduced  by  acidification  of  the  cytosol,  the 
cells  were  not  intoxicated  when  exposed  to  low  pH.  In 
accordance  with  this,  the  toxin  A-fragment  was  not  protected 
against  pronase  under  the  same  conditions  (4).  On  the  other 
hand,  insertion  of  the  25  KD  piece  of  the  B-fragment  into  the 
membrane  occurred  even  in  cells  with  acidified  cytosol  (Fig.l, 
lane  6) . 

Possibly,  unfolding  of  the  toxin  is  induced  by  the  exposure  to 
the  low  pH.  When  the  translocated  toxin  is  subsequently 
exposed  to  the  neutral  pH  in  the  cytosol,  the  A-fraqment  may 
refold.  This  refolding  could  provide  energy  for  the  transfer 
across  the  membrane. 


FORMATION  OF  CATION  SELECTIVE  CHANNELS 

Diphtheria  toxin  and  toxin  fragments  containing  the  hydropho¬ 
bic  regions  of  the  B-fragment  are  able  to  form  ion-conducting 
channels  in  lipid  bilayers  (8,9).  Also  when  the  toxin  was 
inserted  into  the  surface  membrane  of  Vero  cells  by  exposure 
to  acidic  medium,  ion  channels  were  formed  (10) .  Thus  there 
was  a  strong  increase  in  the  influx  of  and  and 

efflux  of  under  these  conditions. 

To  study  in  more  detail  the  formation  of  channels,  a  panel  of 
plasmid  constructs  with  N-terminal  deletions  of  the  toxin  was 
made.  Diphtheria  toxin  with  Glu^4g  changed  to  Ser]^4g  to 
strongly  reduce  the  toxicity  was  used  (11).  Fig.  2  A  shows  a 
scheme  of  the  resultant  proteins  compared  to  the  whole  toxin 
mutant.  Plasmid  templates  were  transcribed  and  translated  in 
vitro  in  the  presence  of  ( Jmethlonine  (12). 

In  vitro  synthesised  whole  toxin  (A-58)  bound  specifically  to 
Vero  cells.  The  binding  was  abolished  when  the  cells  were 
pretreated  with  excess  unlabelled  toxin.  However,  it  bound 
approximately  5-10  fold  less  well  than  ^^^I-labelled  natural 
toxin.  This  appears  to  be  due  to  inhibitory  factors  in  the 
reticulocyte  lysate  since  binding  of  natural  toxin  was 
similarly  inhibited  by  addition  of  lysate.  The  nature  of  the 
inhibitor  is  not  known,  but  it  could  bo  oligonucleotides 
formed  by  the  nuclease  treatment  to  deplete  the  lysate  of 
endogenous  mRNA.  Those  deletion  mutants  that  were  tested  for 
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DT-Ser-148 
Proten  nasmid 


A-98  (fiND-2 
A-44  peM>-l 
A-39  pAO-ZO 
B-36  pQi>-16 

B-34  pBND-3 
B-27  pQD-t9 
B-te  pGO-23 
pGO-2e 


Fla.  2.  In  vitro  synthesised  diphtheria  toxin  rautants.  (A)  The 
proteins  are  shown  oriented  w^th  respect  to  a  map  of  whole 
diphtheria  toxin  with  GlU]^43  changed  to  Ser  (DT-Ser-148)  . 

Extra  amino  acids  added  to  the  N-terminal  end  are  shown  using 
the  one  letter  code.  (B)  Vero  cells  in  24-well  microtiter 
plates  were  incubated  with  and  without  100  nl  reticulocyte 
lysate  containing  2  nM  B-36  for  15  min  at  37  °C.  The  cells 
were  then  washed,  and  Hepes  medium,  pH  4.8,  containing 
was  added.  The  „ag  measured  after  the  indicated 

period  of  time,  as  described  in  Materials  and  methods,  (o) ,  B- 
36;  (a),  the  cells  were  preincubated  with  0.1  /iM  TPA  at  37  Oc 
for  15  min  and  then  incubated  with  B-36;  (A),  B-36  in  the 
presence  of  1  %  horse  anti-diphtheria  toxin  serum;  (A), 
control,  100  reticulocyte  lysate  that  had  been  incubated 
without  added  mRNA;  (r) ,  B-36,  2  mM  Cd^'*’  present  in  the  uptake 
buffer.  The  symbols  represent  the  mean  of  two  measurements. 

SEM  was  in  no  case  more  than  9  %.  (C)  Vero  cells  in  a  24-well 
microtiter  plate  were  incubated  with  Hepes  medium  containing 
the  indicated  concentrations  of  B-36  (A)  or  nicked  diphtheria 
toxin  (O)  for  15  rain  at  37  °C.  The  influx  of  ^2^^+  during  lo 
rain  at  pH  4.8  was  then  measured  as  described  in  Materials  and 
methods.  (Data  from  refs.  12  and  13). 
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trypsin  sensitivity  (A-44,  B-34,  B-27)  showed  alaost  the  same 
high  resistance  as  diphtheria  toxin,  indicating  that  they 
were  folded  in  a  correct  manner.  On  the  other  hand,  cell-bound 
whole  toxin  and  deletion  mutants  were  usually  somewhat 
degraded,  probably  by  cell  associated  proteases. 

To  study  whether  a  truncated  toxin  molecule  devoid  of  the  A- 
fragment  is  able  to  form  channels,  we  studied  the  mutant  B-36, 
which  corresponds  to  a  diphtheria  toxin  B-fragment  where  the  9 
amino-terminal  residues  have  been  replaced  by  the  tripeptide 
Met-Ala-Leu.  The  truncated  protein  binds  specifically  to 
toxin  receptors  and  is  inserted  into  the  plasma  membrane  at 
low  pH.  B-36  was  translated  in  a  rabbit  reticulocyte  lysate 
in  the  absence  of  radioactive  label,  then  dialyzed  and  added 
to  Vero  cells  (13)  .  In  a  parallel  sample,  the  translation  was 
carried  out  in  the  presence  of  (^^S) methionine  in  addition  to 
the  unlabeled  methionine,  to  estimate  the  amount  of  translated 
protein.  As  shown  in  Fig.  2B,  B-36  Increased  the  influx  of 

at  low  pH,  whereas  a  control  lysate  (no  mRNA  added)  had 
no  such  effect.  The  22fja+_inf lux  was  prevented  when  the  cells 
were  exposed  to  anti-diphtheria  toxin  antibodies  before 
acidification.  Preincubation  of  the  cells  with  TPA  (phorbol 
12-myristate  13-acetate),  which  strongly  reduces  the  ability 
of  cells  to  bind  diphtheria  toxin  (14),  also  prevented  the  B- 
36-lnduced  ^Zj^a^-inf lux.  These  results  indicate  that  B-36 
permeabilizes  the  cells  by  a  receptor-dependent  mechanism,  as 
earlier  found  with  whole  diphtheria  toxin  (15). 

As  with  natural  diphtheria  toxin  (10)  the  formation^of 
channels  was  strongly  reduced  in  the  presence  of  cJ’ (Fig. 

2B) .  Moreover,  channel  formation  with  B-36  depends  on  the 
presence  of  ci“,  as  earlier  found  with  whole  diphtheria  toxin 
(10).  Also,  a  transmembrane  pH-gradient  was  required. 

The  deletion  mutants  A-44  and  A-39  bound  specifically  and 
formed  channels  at  low  pH  in  a  similar  way  as  B-36,  B-34  and 
B-27  permeabilized  membranes  in  a  nonselective  way  even 
without  exposure  to  low  pH.  B-16  and  B-6  did  not  bind  to  cells 
in  a  specific  way. 

The  channels  formed  with  whole  diphtheria  toxin  are  closed 
when  a  sufficient  amount  of  protons  has  entered  the  cytosol 
(10)  .  Similarly,  when  was  added  15  min  after  exposure  of 

cells  with  surface-bound  B-36  to  low  pH,  very  little  uptake 
was  observed  (data  not  shown) .  Altogether,  the  data  indicate 
that  channel  formation  by  the  truncated  protein  B-36  is  to  a 
large  extent  dependent  on  the  same  conditions  as  those 
required  for  channel  formation  by  whole  diphtheria  toxin. 

The  channel  formed  by  natural  diphtheria  toxin  is  selective 
for  monovalent  cations  (10,  16).  Although  it  is  not  permeable 
for  anions  and  uncharged  solutes  such  as  sucrose,  large 
monovalent  cations  like  choline  and  glucosamine  were  found  to 
pass  the  channel,  though  at  a  lower  rate  than  smaller  cations, 
such  as  This  was  also  the  case  with  the  channel  formed 

by  B-36.  B-36  and  natural  toxin  differed  in  the  relative 
channel-forming  efficiency.  As  shown  in  Fig.  2  C,  about  100 
times  more  diphtheria  toxin  than  B-36  was  required  to  obtain 
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half-maximal  22jia+_influx.  The  different  concentration 
dependence  can  partly  be  explained  by  the  fact  that  B-36  has 
about  10  times  higher  affinity  for  the  receptors  than  the 
natural  toxin.  However,  this  is  not  sufficient  to  account 
for  the  -  100-fold  increase  in  pore  formation,  and  it  can  not 
be  the  reason  why  B-36  induces  a  higher  22j}a+-influx  in  Vero 
cells  than  a  receptor-saturating  concentration  (20  nM)  of 
natural  toxin.  It  therefore  appears  that  B-36  permeabilizes 
the  plasma  membrane  more  efficiently  than  whole  diphtheria 
toxin.  Consistent  with  this,  B-36  induced  a  considerably 
higher  22j|a->-_influx  than  a  saturating  concentration  of  natural 
diphtheria  toxin  in  A-431  and  MOCK  cells,  which  have  fewer 
diphtheria  toxin  receptors  than  Vero  cells  (data  not  shown) . 

Native  diphtheria  toxin  forms  channels  only  at  pH  <  5.5, 
apparently  because  a  conformational  change  takes  place  at  this 
pH  (17-19) .  Since  B-36  appears  to  insert  into  the  plasma 
membrane  at  higher  pH  values  than  whole  toxin,  we  studied  if 
also  the  pH  dependence  of  channel  formation  differed  between 
the  two  molecules.  In  fact,  at  pH  5.6,  where  B-36,  but  not 
whole  diphtheria  toxin  forms  channels,  the  22jja+.j(^yjflux  was 
strongly  inhibited  when  excess  diphtheria  toxin  was  added 
together  with  B-36  (data  not  shown) .  This  indicates  that  B-36 
forms  channels  only  when  bound  to  the  specific  diphtheria 
toxin  receptors. 

The  interaction  of  diphtheria  toxin  with  artificial  lipid 
bilayers  has  been  extensively  studied.  Although  the  toxin 
appears  to  make  channels  most  efficiently  when  bound  to 
specific  cell  surface  receptors  (15),  the  whole  toxin  as  well 
as  crm45,  a  mutant  defect  in  receptor-binding,  have  the 
ability  to  induce  ion  channels  in  model  membranes  at  low  pH 
(20,  21).  Also  a  12  kD  cyanogen  bromide  fragment  derived  from 
the  middle  region  of  the  B- fragment  has  been  shown  to  induce 
conductance  changes  in  planar  lipid  bilayers.  It  is  not  known 
what  parts  of  diphtheria  toxin  are  involved  in  the  channel 
formation,  but  a  putative  amphiphatic  helical  region  at  the  N- 
terminus  of  the  B- fragment  (22)  and  a  hydrophobic,  putative 
membrane-spanning  region  in  the  middle  of  the  B-fragment  (11, 
22,  23),  may  play  a  role.  The  hydrophobic  region  is  contained 
within  crm45  and  partly  in  the  12  kD  channel-forming  cyanogen 
bromide  fragment  (24) .  All  the  membrane-active  mutants 
described  in  the  present  paper  contain  the  putative  membrane- 
spanning  region,  whereas  B-16,  which  did  not  increase  membrane 
permeability,  does  not.  This  supports  the  idea  that  the 
hydrophobic  middle  region  of  the  B-fragment  participates  in 
membrane  insertion  and  channel  formation. 


FORMATION  OF  ACTIVE  TOXIN  IN  VITRO 

Studies  of  the  entry  process  has  been  hampered  by  the  fact 
that  it  is  considered  too  dangerous  to  clone  the  Intact 
diphtheria  toxin  gene.  Although  inactive  mutants  of  the  toxin 
have  been  cloned,  they  ara  of  limited  value,  because  the  most 
convenient  and  sensitive  way  of  measuring  translocation  is  to 
monitor  Inhibition  of  protein  synthesis.  We  have  now  developed 


Translocation  of  Diphtheria  Toxin  across  the  Plasma  Membrane  ■  133 


DNA  fragment  1 
M13  r«v«rM  prtmr 


TSisranoler 
• - -  ATQ 

E  N 


Ns 


Ns 


DNA  fragment  2 


TOA 


E  A 


KSprInMr 


A-Sagtnwl  (31  KO)  B-A(9n«il  (37  KD) 


A 


Fla.  3.  Production  of  active  diphtheria  toxin  in  a  cell-free 
system.  (A)  The  gene  for  diphtheria  toxin  was  reconstituted  in 
vitro  by  ligation  of  two  non-mutated  DNA-fragments  each  coding 
for  a  separate  part  of  the  toxin.  In  some  cases,  the  ligated 
gene  was  amplified  by  PCR.  The  toxin  gene  was  transcribed  in 
vitro  with  T3  RNA  polymerase,  and  the  mRNA  formed  was 
translated  in  a  rabbit  reticulocyte  lysate  system.  E,  EcoRl ; 

N,  Ncol;  Ns,  Nsil;  A,  Apal.  (B)  Increasing  amounts  of  natural 
diphtheria  toxin  or  toxin  formed  in  vitro  were  added  to  Vero 
cells.  After  incubation  over  night,  the  incorporation  of 
[^H] leucine  during  15  min  was  measured.  Serum  contains 
sufficient  proteolytic  activity  to  nick  the  toxin  (25) .  (o) , 
natural  toxin;  (e) ,  toxin  from  ligated  DNA-fragments;  (x) , 
toxin  from  ligated  DNA  amplified  by  PCR;  (O)  ,  toxin  from 
ligated  and  PCR  amplified  DNA  +  10  nl  horse  anti-diphtheria 
toxin  serum;  (a),  translation  product  from  mRNA  transcribed 
from  DNA-fragment  1  alone;  (a),  10  fil  translation  mixture 
after  mock  transcription/translation  of  DNA  fragment  2  alone 
(Data  from  ref.  26) . 


a  method  to  produce  active  toxin  without  cloning  the  intact 
gene. 

The  gene  for  the  wild  type  toxin  was  obtained  by  ligation  of 
two  DNA-fragments  coding  for  complementary  parts  of  the  toxin 
(26).  The  reconstituted  gene  was  placed  behind  a  T3  RNA 
polymerase  promotor  and  transcribed  and  translated  in  vitro. To 
increase  the  amount  of  toxin  gene  and  to  reduce  the  formation 
of  incomplete  toxin,  the  ligated  gene  was  amplified  by  PCR. 
Since  amplification  is  dependent  on  a  primer  in  each  direc¬ 
tion,  only  ligated  gene  fragments  were  amplified  (Fig.  3  A) . 

The  main  translation  product  coded  for  by  the  ligated  gene  was 
bound  to  Vero  cells  in  the  same  way  as  ^^^I-diphtheria  toxin 
and  the  binding  was  inhibited  by  a  100  fold  excess  of 
unlabelled  toxin.  To  measure  toxicity,  dialyzed  translation 
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mixture  was  added  to  Vero  cells  and,  after  incubation 
overnight,  the  ability  of  the  cells  to  incorporate  [^H] leucine 
was  measured.  As  shown  in  Fig.  3  B,  the  translation  products 
from  the  in  vitro  spliced  gene  fragments  (both  amplified  and 
not  amplified)  were  approximately  as  toxic  as  native  toxin. 

The  toxic  effect  was  prevented  in  the  presence  of  anti¬ 
diphtheria  toxin  serum.  Translation  product  from  DNA-fragment 
1  was  not  toxic  and  this  was  also  the  case  with  mock  transcri¬ 
ption/translation  of  DNA-fragment  2. 

Amplification  by  PCR  with  Tag  polymerase  induces  errors  at  a 
rate  of  1-2  x  10“^  mutations  per  nucleotide  polymerised  {21) . 
This  corresponds  to  0.2-0. 4  base  pair  changes  in  the  toxin 
gene  for  each  replication.  In  our  case,  the  gene  was  amplified 
only  -10  times  and  this  was  not  sufficient  to  alter  the 
average  toxicity  or  in  other  ways  change  the  properties  of 
the  toxin.  Since  it  obviates  the  necessity  to  isolate  and 
ligate  fragments  in  large  amounts,  amplification  by  PCR 
simplifies  considerably  the  work  with  in  vitro  ligated  toxin 
fragments  and  it  gives  a  more  pure  translation  product.  The 
method  can  easily  be  adapted  to  other  toxins,  such  as  tetanus 
toxin  and  botulinum  toxin  that  are  also  considered  too 
dangerous  to  be  cloned  in  their  intact  form. 
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1.  lutroductiou 

Tetanus  toxin  (TeTox)  is  a  high  molecular  weight  (150  kDa)  polypeptide  secreted  by  the 
Clostridium  tetani  microorganism  and  is  considered  one  of  the  most  potent  biotoxic  agents 
known  to  mankind  (22).  The  principal  target  of  TeTox  is  the  central  nervous  system  where 
it  is  believed  to  block  inhibitory  interneurons  (13,30).  It  also  produces  a  peripheral  clinical 
picture  characterized  by  muscle  rigidity  and  paroxysmal  muscle  contraction,  suggesting  a 
blockade  at  the  neuromuscular  junction  (13,30). 

TeTox  interaction  with  the  nervous  tissue  has  been  extensively  discussed  and  a  number  of 
models  have  been  proposed  to  explain  binding  and  neurotoxicity  (23,28,29,34).  Similar  to 
other  bacterial  toxins  (14),  TeTox  contains  at  least  two  functional  domains;  one  which 
enables  specific  binding  to  the  neuronal  plasma  membrane,  the  result  of  which  the  intact 
molecule  is  translocated  and  internalized,  and  a  second  domain  which  causes  a  disturbance 
of  a  normal  cellular  activity.  At  this  time,  little  is  known  as  to  whether  the  latter  interacts 
with  a  specific  cell-surface  component  as  a  prerequisite  for  the  poisonous  action  of  the 
toxin. 

With  the  increasing  application  of  cultured  nerve  cells  in  tetanus  research  (10,15,31,33), 
considerable  knowledge  has  been  gained  concerning  the  mechanbm  of  binding/internalization 
and  bioactivity  of  the  toxin.  Using  a  variety  of  cell  culture  systems  including  rat  primary 
neurons  (33),  somatic  neurohybrids  (35),  and  PC12  pheochromocytoma  cells  (11,25),  as  well 
as  human  erythrocytes  arLificially  supplemented  with  gangliosides  (19),  we  defined  a 
ganglioside-mediated  three-sf?p  interaction  of  (‘^*I]labeled  TeTox  with  these  cells  (34).  The 
first  step  involved  a  reversible  low  ionic  strength  and  energy-independent  binding,  followed 
by  a  second,  salt-insensitive  and  detergent  nonextractable  toxin-cell  association,  operationally 
defined  as  sequestration.  Finally,  in  living  cells,  this  process  resulted  in  an  energy-dependent 
internalization  defined  by  the  criteria  of  resistance  of  the  toxin-membrane  complex  to 
sialidase. 

Despite  these  observation*,  it  remained  unclear  whether  a  sialic  acid  containing  molecule 
other  than  ganglioside  is  the  true  receptor  for  TeTox.  Recently,  using  an  affinity  purified 
TeTox  fraction  (18),  we  have  demonstrated  that  binding  to  guinea  pig  synaptic 
preparations  depends  on  gangliosides  but  is  facilitated  by  a  protease-sensitive  and 
phospholipase-sensitive  component  (20).  Similarly,  we  have  found  that  TeTox  receptors  on 
nerve  cells  contain  a  trypsin-sensitive  component  (36).  The  data  suggested  that,  in  addition 
to  a  sialic  acid  component,  binding  of  TeTox  to  cerebral  neurons  was  facilitated  by  a 
protease-removable  and  formaldehyde-inactivated  component.  To  extend  these  studies,  we 
have  now  examined  the  effect  of  acidic  pll  on  the  interaction  of  TeTox  with  nerve  cells. 
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2.  Is  Acidic  pH  Enluuiciiig  Binding  and  lutcni.'dizatinii  of  TcTox  iu  Cultured  Nerve 
Cells? 

The  role  of  acidic  pll  in  the  endocytic  internalization  of  bioligands  such  as  Semliki  Forest 
virus  and  diphteria  toxin  has  been  documented  (27,32).  In  an  analogous  fashion,  a  pll- 
dependent  internalization  of  other  clostridial  toxins  including  TeTox  has  been  proposed  (29). 
Evidence  to  support  this  concept  has  been  advanced  based  on  artificial  membrane  studies 
using  pH  gradients  which  demonstrated  toxin-induced  channels  (6,16).  These  channels  were 
generated  presumably  as  a  result  of  hydrophobic  penetration  of  the  heavy  (7),  as  well  as 
the  light  toxin  chains  (24).  These  ion  channels  did  not  necessitate  the  presence  of 
gangliosides  (6,7),  in  contrast  to  a  ganglioside-dependent  formation  of  channels  in  planar 
lipid  bilayets  at  neutral  pll  (8).  The  possibility  that  the  ganglioside-mediated  TeTox 
internalization  via  the  three-step  sequence  (34)  may  be  facilitated  by  lowering  the  pH  thus 


pH 

Fig.  1.  Effect  of  pll  on  p-*I]TeTox  binding  to  neurons.  Cerebral  neurons  grown  for  1 
week  or  over  in  culture  were  incubated  for  1  h  at  37  'C  with  |'’*l)TeTox  (40000  cpm/well) 
added  in  LIS  buffer  (25  mM  Tris-acetatc,  0.25  M  sucrose,  2  mM  CaClj,  1  mM  MgClj  and 
0.1%  ovalbumin)  at  different  pH.  Incubation  was  terminated  by  medium  removal  followed 
by  2  washes  with  the  LIS  buffer  at  a  suitable  pH  and  once  with  Pi/saline  (PBS) 
containing  0.5%  BSA.  Tightly  bound  toxin  radioactivity  associated  with  the  cells 
(internalized)  was  determined.  Total  bound  toxin  represents  the  sum  of  the  internalized  and 
salt-sensitive  toxin. 

pH  optimimi:  The  effect  of  pH  on  [*^*!]TeTox  binding  to  cerebral  cells  is  shown  in  Fig.  1. 
When  binding  is  done  at  37  *C  using  isoosmotic  and  low  ionic  strength  (LIS)  buffer,  total 
toxin  bound  is  elevated  between  pH  4.2  and  5.4.  High  ionic  strength  (Pi^aline)  buffer 
causes  a  dissociation  of  a  toxin  fraction  which  is  bound  to  cells  presumably  via  weak 
electrostatic  interactions.  The  remaining  (tightly  bound)  cell-associated  toxin  cannot  be 
removed  by  detergents  or  sialida-se  and  thus  is  operationally  defined  as  internalized  toxin 
(34).  As  evident  from  Fig.  1,  this  fraction  is  significantly  higher  between  pH  4.2  and  4.8. 

Effect  of  temperatme:  Table  1  summarizes  the  effect  of  temperature  on  the  cell-associated 
toxin  under  low  ionic  (total)  and  high  ionic  (tight)  strength  conditions.  Evidently,  at  4  "C, 
total  binding  at  low  pll  is  about  3-fold  greater  compared  to  pH  7.4.  This  pH-dependent 
difference  is  smaller  (1.3-fold),  however,  for  the  internalized  toxin.  When  binding  is 
performed  at  37  'C,  a  general  increase  in  the  total  toxin  bound  to  cells  is  observed.  The 
amount  of  internalized  (salt-resistant)  toxin  is  significantly  higher,  as  anticipated  from  the 
raise  in  temperature.  There  is,  however,  no  significant  pH  dependency  at  this  temperature. 
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Therefore,  lowering  the  extracellular  pH  has  no  marked  effect  on  the  temperature-mediated 
internalization  of  TeTox. 


Table  1.  Effect  of  temperature  on  [•^^IJTeTox  binding 


Temperature 

pH 

Total  bound 
cpmxlO'Vwell 

Fold 

Internalized 

epmxlO'Vwell 

Fold 

4*C 

4.7 

15.06 

2.92 

4.39 

1.29 

7.4 

5.15 

1 

3.39 

1 

37  ‘C 

4.7 

24.70 

1.39 

14.79 

1.15 

7.4 

17.87 

1 

12.84 

1 

Cells  were  incubated  with  P^*l|TeTox  at  either  4  *C  or  37  ‘C  as  described  in  Fig.  1. 

Effeet  of  aialidase:  The  high  aiTinity  interaction  of  TeTox  with  polysialogangliosides  of  the 
Gib  series  is  now  well  established  (13,29,30).  Therefore,  utilization  of  sialidase,  which 
causes  an  almost  complete  loss  of  sialic  acid  residues  from  the  cell  surface,  should  provide  a 
clue  as  to  whether  the  external  pH  affects  toxin  binding  via  sialic  acid-dependent 
interactions. 

Table  2  summarizes  the  (^^’IjTeTox  binding  capacity  of  sialidase  pretreated  cells  at  various 
pH.  Notably,  the  remaining  binding  activity  after  removal  of  sialic  acid  residues  La 
proportionally  decreased  with  a  raise  in  pH.  At  pH  3.4,  the  internalization  of  toxin  by 
desialylated  cells  is  hardly  affected  (73%).  As  the  pH  of  the  incubation  is  changed  towax'^" 
a  higher  value,  i.e.,  pH  4.3  and  4.3,  sialidase  pretreatment  causes  a  substantial  loss  of 
binding  (71-74%)  compared  to  control  cells.  At  neutral  pH  (7.3),  the  effect  of  sialidase 
pretreatment  on  toxin  binding  is  maximal;  only  a  residual  (11%)  of  the  initial  binding 
capacity  is  retained.  This  experiment  suggests  that  effective  binding  atnd  subsequent 
internalization  are  highly  dependent  at  physiological  pH  on  the  presence  and  availability  of 
sialic  acid  residues  on  the  cell  surface. 


Table  1.  Effect  of  sialidase-  pretreatment  on  [*^’I]TeTox  binding 


pH 

Control 

Sialidase  treated 

epnwlO‘V''^«ll 

Internalization 
%  of  control 

3.4 

7.34 

5.37 

73 

4.2 

3.37 

29 

4.8 

14.23 

3.71 

26 

7.5 

12.37 

1.35 

11 

Cells  were  pretrea^d  with  sialidase  (2  mU/wcll)  for  2  h  at  37  'C  and  further  incubated 
with  p-*I]TeTox  as  detailed  in  Fig.  1. 

Effect  of  various  agents;  Cerebral  neurons  incubated  with  2-desoxyglucose,  sodium  azide  or 
a  mixture  of  both,  internalize  equally  well  TeTox  at  acidic  pH  although  a  substantial 
inhibition  is  apparent  at  pH  7.4  (Fig.  2).  Thus  it  would  appear  that  at  physiologic  pH, 
toxin  internalization  requires  energy  as  also  evident  from  the  general  effect  of  temperature. 
Lysosmotrophic  agents  such  as  ammonium  chloride  or  chloroqume  known  to  raise  the 
internal  lysosomal  pH  seem  to  have  no  effect  whatsoever  on  toxin  internalization  (Fig.  2). 
Limiten  proteolysis  of  the  cell  surface  or  fixation  with  formaldehyde  does  not  affect  toxin 
internalization  at  acidic  pH  but  produces  a  substantial  inhibition  at  neutral  pH. 
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Fig.  2.  Effect  of  various  agents  on  toxin  internalization.  Cells  were  preincubated  for  15-30 
min  at  37  'C  with  either  2-desoxyglucose  (DOG)  (50  mM),  NaNs  (10  mM),  NH4CI  (10 
mM),  chloroquine  (Chq,  0.1  mM)  or  3.5%  paraformaldehyde  at  pH  4.7  (open  bars)  or  7.4 
(closed  bars).  Labeled  toxin  was  added,  cells  incubated  for  1  h  at  37  'C  and  cell-associated 
radioactivity  determined  as  detailed  in  Fig.  1.  Trypsinization  of  the  cell'  surface  was 
performed  for  10  min  at  room  temperature  using  0.01%  trypsin,  followed  by  addition  of 
soybean  trypsin  inhibitor. 

In  summary,  these  experiments  illustrate  that  interaction  of  TeTox  with  nerve  cells  is 
partially  enhanced  at  low  pFI  but  that  a  sialic  acid  is  still  necessary  for  internalization. 
Additionally,  while  at  neutral  pll  toxin  internalization  appears  to  depend  to  a  limited 
extent  on  energy  and  to  require  a  protease-sensitive,  formaldehyde  inactivable  component,  at 
acidic  pH,  this  is  not  the  case.  The  most  plausible  explanation  to  account  for  these 
observations  is  that  at  low  pH  additional  interactions  which  involve  the  toxin  molecule  may 
take  place.  Protonation  of  toxin  molecules  at  acidic  pH  and  the  resultant  conformational 
change  in  the  presence  of  membrane  lipids  has  been  proposed  as  a  general  mechanism  for 
insertion  of  bacterial  toxins  (9).  In  the  case  of  TeTox,  it  has  been  suggested  that  low  pH 
increases  the  hydrophobicity  of  the  heavy  chain  of  fragment  B,  enabling  toxin  translocation 
(7).  In  preliminary  results  using  hydrophobic  chromatography,  we  were  able  to  separate  two 
discrete  hydrophylic  and  hydrophobic  populations  of  TeTox  molecules.  Elution  at  acidic  pH 
resulted  in  a  clear  increase  in  the  hydrophobic  population  (data  not  shown).  Nevertheless, 
the  current  data  suggest  that  the  bulk  of  toxin  is  internalized  via  a  sialic-acid  receptor 
containing  component. 

3.  From  Binding  to  Neurotoxicity 

Given  the  conclusion  that  sialic  acid  is  necessary,  a  major  issue  still  remains  as  to  whether 
binding/internalization  via  the  ganglioside  or  a  related  sialo-component  has  any  relevance  to 
the  mode  of  action.  Undoubtedly,  one  of  the  most  noticeable  characteristics  of  TeTox  is  its 
exceedingly  high  biotoxicity.  As  only  8x10’’  molecules  are  estimated  to  cause  toxic  symptoms 
and  kill  a  mouse,  for  example,  the  signal  evoked  by  so  few  molecules  must  be  directed  to  a 
very  specific  and  highly  centralized  target  or  at  least  activate  a  transducing  system  to 
amplify  it.  Gangliosides  cannot  fulfill  this  task  because  their  ubiquity  and  relatively  lack  of 
specificity  (both  GDlb  and  GTlb  gangliosides  bind  avidly  the  toxin).  Neither  is  there  any 
evidence  for  an  intrinsic  enzymatic  activity  on  the  toxin  subunit,  or  a  secondary  activation 
of  a  cellular  enzyme  as  a  result  of  toxin  binding.  In  search  for  an  ii.tracellular  target  which 
could  fit  the  criteria  to  amplify  the  signal  and  exert  an  effect  on  the  presynaptic  terminals, 
our  attention  was  drawn  on  the  possibility  that  protein  kinase  C  (PKC)  may  serve  as  a 
transducer  and  signal  amplifier  for  TeTox. 
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Fig.  3.  Time-dependent  translocation  and  loss  of  PKC  activity  in  rat  hippocampus  and 
spinal  cord  after  single  injection  of  TeTox.  Soluble  and  membrane  fractions  'rom 
hippocampus  and  spinal  cord  areas  of  animals  subjected  to  100  MLD  TeTox  for  designated 
times,  were  prepared  and  assayed,  for  PKC  as  described  elsewhere  (21). 

PKC  is  an  enzyme  abundant  in  presynaptic  terminals  (12)  which  can  be  shifted  from  a 
cytosolic  inactive  form  to  a  membrane-bound  active  form  by  a  variety  of  stimuli  (17).  The 
active  form  is  believed  to  play  an  important  role  in  regulation  of  nerve  excitability,  most 
likely  through  phosphorylation  of  specific  proteins  (3,5,17).  When  applied  intraventricularly, 
TeTox  at  a  concentration  of  10  ng/kg  body  weight  (100  MLD),  causes  behavioral  changes 
in  the  rat  within  4-6  h  (2).  By  this  time,  the  majority  of  brain  structures  attain  a  steady 
state  with  respect  to  (***I]TeTox  distribution.  Hippocampus,  midbrain,  hypothalamus,  spinal 
cord  and  frontal  cortex  contained  each  31,  17.8,  7.7,  4.7  and  5.6%  of  the  total 
radioactivity,  respectively. 

Six  hours  after  intraventricular  application  of  100  MLD  of  toxin,  little  or  no  change  m 
total  PKC  activity  is  encountered  in  either  hippocampus  or  spinal  cord  structures  (Fig.  3). 
At  this  time,  however,  approximately  50%  of  the  enzyme  in  the  hippocampus  is  associated 
with  the  membrane  compartment,  in  comparison  to  only  33%  in  control  brains.  A  similar 
change  in  distribution  of  PKC  is  also  evident  in  the  spinal  cord,  an  area  distant  from  the 
site  of  injection.  The  data  indicate  that  TeTox  induces  in  vivo  translocation  of  PKC.  At 
12  to  18  h  after  injection,  the  effect  of  translocation  is  less  noticeable,  since  it  is 
accompanied  by  a  substantial  decrease  in  overall  PKC  activity.  In  fact,  as  shown  in  Fig. 
3,  by  18  h  about  44%  and  60%  of  the  total  activity  is  lost  in  hippocampus  and  spinal 
cord,  respectively.  The  latency  of  PKC  down-regulation  in  hippocampus  and  spinal  cord 
may  be  due  to  a  delayed  regional-specific  internalization  of  the  toxin,  although  both 
structures  take  up  labeled  toxin  as  soon  as  15  min  after  injection  (unpublished 
observations). 

A  marked  decrease  in  PKC  levels  in  the  cytosolic  fraction  of  the  hypothalamus,  an  area 
enriched  in  biogenic  amine  terminals,  was  also  noticed.  Depletion  of  the  activity  is 
accompanied  by  a  decrease  in  the  PKC,  as  evident  on  a  Western  blot  using  a  polyclonal 
antibody. 

Various  biochemical  and  electrophysiological  studies  have  implicated  PKC  as  a  key 
modulator  of  neurotransmitter  release  based  on  the  phenomenon  of  translocation/activation 
of  the  enzyme  (3,26,37).  Activators  currently  in  use,  such  as  phorbol  esters,  act  at 
nanomolar  concentrations  and  are  not  selectively  targeted  to  neuronal  membranes.  In 
contrast,  TeTox  is  highly  selective  for  neuronal  membranes  and  is  effective  at  extremely  low 
concentrations  (lO**^  M),  thus  providing  a  powerful  tool  for  studying  the  role  of  PKC  in 
the  regulation  of  neuronal  excitability.  TeTox-triggered  PKC  translocation  most  likely  occurs 
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at  the  presynaptic  level,  based  both  on  enzyme  localization  (12)  and  the  preauined  lite  of 
TeTox  action  (30).  Translocation  of  PKC  in  the  presynaptic  membrane  is  a  Ca^'*' 
mediated  event  (4),  ihe  magnitude  of  which  may  be  perturbed  by  TeTox.  The  time- 
dependent  down-regulation  of  PKC  may  well  indicate  a  proceM  which  at  the  end  may 
impair  neurotransmitter  release  (13,29,30),  Recently,  using  a  similar  experimental  protocol, 
an  increase  in  serotonin  has  been  shown  in  rat  brain  structures  after  intraventricular 
administration  of  TeTox  (1),  The  molecular  mechanism  and  whether  one  or  mote 
neurotransmitters  (excitatory  and  inhibitory)  are  involved  in  a  PKC-dependent  synaptic- 
vesicle  release,  remain  to  be  studied. 


Summary 

pH-dependent  binding  and  subsequent  internalization  of  tetanus  toxin  ia  cerebral  neuron 
cells  in  tissue  culture  was  examined.  At  acid  pll,  internalization  was  partially  enhanced 
and  did  not  depend  on  the  pretence  of  a  protease-sensitive  receptor  component.  It  did, 
however,  depend  on  the  existence  of  a  sialic  acid  residue  indicating  the  prime  role  of 
gangliosides  in  binding  and  subsequent  internalization  of  tetanus  toxin, 

A  toxin-stimulated  activation  followed  by  down-regulation  of  protein  kinase  C  in  the  adult 
rat  brain  after  intraventricular  administration  of  the  toxin  is  documented.  The  data 
identiHes  PKC  as  a  possible  indirect  target  which  could  initiate  a  pathophysiological  cascade 
characteristic  to  tetanus  neurotoxicity. 
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ABSTRACT 


Ricin  A  chain,  a  glycoprotein  containing  high  mannose  chains, 
selectively  intoxicates  macrophages  following  uptake  by  the 
mannose  receptor.  After  internalization  A  chain  is  rapidly 
cleaved  by  a  pepstatin  sensitive  protease.  Incubation  of  cells 
with  pepstatin  leads  to  intracellular  accumulation  of  toxin  and 
surprisingly,  to  a  decrease  in  cytotoxicity.  Three  different 
MW  peptides  are  generated  intracellularly.  Characterization  of 
A  chain  degradation  inside  endosomal  vesicles  suggests  that 
more  than  one  protease  is  involved  in  A  chain  cleavage. 


KEYWORDS 


Ricin  A  chain,  endocytosis,  macrophages,  mannose  receptor, 
cathepsin  D,  Fc  receptor 


INTRODUCTION 


Many  ba., terial  and  plant  protein  toxins  enter  the  cell  after 
binding  to  cell  surface  receptors.  The  plant  toxin  ricin,  which 
is  composed  by  an  A  and  B  subunit  joined  by  a  disulphide  bond. 
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enter  the  cell  after  binding  of  the  B  subunit  to  galactose 
residues  present  on  the  cell  surface.  Following  binding,  the 
intact  toxin  is  rapidly  endocytosed  and  reaches  the 
intracellular  compartment  from  which  the  A  chain  translocates 
to  the  cytoplasm.  Once  in  the  cytoplasm  it  inactivates  the  60S 
ribosomal  subunit  by  removing  a  single  adenine  residue  from 
ribosomal  RNA  (1)  .  Several  studies  indicate  the  Golgi  apparatus 
as  the  site  of  translocation  of  the  toxin  to  the  cytoplasm 
(2,3)  but  the  mechanism  of  translocation  is  still  greatly 
unknown.  Studies  in  vivo  have  shown  that  ricin  is  cleared  from 
the  circulation  preferentially  by  the  liver  Kupffer  cells  (4)  . 
In  fact,  it  has  been  shown  that  ricin  can  kill  macrophages 
following  uptake  via  two  distinct  routes  (5),  either  by  the 
standard  pathway,  i.e.  after  binding  of  the  B  subunit  to 
galactose  residues  on  the  cell  surface,  or  by  receptor  mediated 
endocytosis  via  the  macrophage  mannose  roceptor  (6) .  Highly 
purified  A  chain  is  not  toxic  to  most  cell  types  but  it  kills 
macrophages,  which  uniquely  express  the  mannose  receptor, 
following  uptake  via  the  mannose  receptor.  Sugar  specific 
uptake  of  A  chain  by  macrophages  is  due  to  the  high  mannose 
chains  present  on  the  molecule. 

The  ability  of  isolated  A  chain  to  selectively  intoxicate 
macrophages  allowed  us  to  study,  in  a  model  system,  some  of  the 
events  which  follow  internalization  and  ultimately  lead  to 
translocation  of  the  toxin  to  the  cytoplasm. 


RESULTS  AND  DISCUSSION 


Ricin  A  chain  is  toxic  to  macrophages  following  uptake  by  the 
mannose  receptor  as  shown  in  Fig.  1.  Yeast  mannan,  a  ligand  for 
the  mannose  receptor,  decreases  cytotoxicity  shifting  the  dose 
response  curve  of  about  2  orders  of  magnitude. 


Fig.l  Inhibition  of  protein  synthesis  in  mouse  bone 
marrow  macrophages  by  ricin  A  chain  either  in  absence 
(  )  or  in  presence  (  )  of  1  mg/ml  yeast  mannan. 
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Uptake  of  A  chain  is  saturable  and  inhibitable  by  yeast  mannan. 
Following  uptake,  A  chain  is  rapidly  cleaved  and  degradation 
products  can  be  detected  in  the  medium  as  early  as  10  min. 

Oiment  et  al.  (7)  have  shown  that  in  macrophages  endosomes 
contain  cathepsin  0,  an  aspartic  protease  responsible  for 
degradation  of  mannosylated-BSA  when  taken  up  by  the  mannose 
receptor.  To  test  if  cathepsin  D  was  also  involved  in  A  chain 
rapid  degradation,  we  preincubated  macrophages  with  pepstatin, 
a  specific  inhibitor  of  cathepsin  D,  and  we  then  looked  at 
degradation  of  labelled  A  chain.  The  results  indicate  that  in 
presence  of  pepstatin  degradation  of  A  chain  is  blocked  and 
undegraded  toxin  is  accumulated  intracellularly.  Surprisingly, 
cells  preincubated  with  pepstatin  are  protected  from 
intoxication  by  A  chain,  despite  the  higher  amount  of  toxin 
accumulated  inside  the  cell  as  compared  with  control  cells. 
Other  protease  inhibitors  have  no  effect  on  A  chain 
cytotoxicity.  Intact  ricin  cytotoxicity,  on  the  other  hand,  was 
not  affected  by  pepstatin  showing  that  pepstatin  does  not  have 
a  general  effect  on  cytotoxicity.  Cleavage  of  A  chain  by  a 
pepstatin  sensitive  protease  seems  therefore  necessary  for 
toxicity,  suggesting  that  peptides  generated  by  partial 
proteolysis  are  more  toxic  and/or  more  efficient  in 
translocating  to  the  cytoplasm  than  intact  A  chain.  Three 
detectable  peptides  of  MW  29,  18  and  14  kDa  are  generated  from 
A  chain  in  macrophages.  Of  these  peptides  only  the  29  kDa 
peptide  seems  generated  by  cathepsin  D  cleavage  suggesting  that 
more  than  one  protease  is  involved  in  A  chain  cleavage  in  vivo. 

In  order  to  better  study  degradation  of  A  chain,  we  loaded 
macrophages  with  radiolabelled  A  chain  and  we  then  isolated 
endosomal  vesicles.  The  results  demonstrate  that  cleavage  of 
A  chain  occurs  intravesicularly  and  is  only  partially  ATP 
dependent.  ATP  is  required  to  acidify  the  lumen  of  endosomes. 
At  acidic  intravesicular  pH  (i.e.  in  presence  of  ATP)  the 
protease  inhibitors  pepstatin  and  leupeptin  both  inhibit 
proteolysis  by  40%  whereas  they  do  not  have  any  effect  in 
absence  of  ATP.  Incubation  of  these  vesicles  with  buffers  at 
different  pH  shows  that  A  chain  degradation  still  occurs  at 
pH  7.  These  data  suggest  that  both  a  leupeptin  sensitive 
protease  and  a  protease  active  at  neutral  ph  are  also  inVsTlved 
in  A  chain  cleavage.  Since  leupeptin  did  not  have  any  effect 
on  A  chain  cytotoxicity  further  experiments  will  be  necessary 
to  better  characterize  the  proteolytic  activity  present  at 
neutral  pH. 

The  route  of  internalization  of  A  chain  is  also  important. 
When  complexed  with  anti-A  chain  monoclonal  IgG,  A  chain  is 
internalized  by  macrophages  via  the  Fc  receptor  (8).  Following 
this  route,  the  toxin  is  very  slowly  degraded  and  is  not 
cytotoxic.  The  antibody  by  itself  does  not  block  A  chain 
enzymatic  activity  in  a  cell  free  system.  One  possibility  to 
explain  these  results  is  that  the  antibody  binds  A  chain  at 
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cleavage  site  blocking  degradation  and  therefore  cytotoxicity. 
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Certain  strains  of  four  different  species  of  Clostridia,  C.  baratl,  C. 
botullnum,  C.  butyrlcum  and  C.  tetani  are  now  known  that  produce 
neurotoxic  proteins.  Progress  In  the  studies  of  their  structure  and 
structure-function  relationship  Is  revealing  very  Interesting 
similarities  within  their  diversities. 

Covalent  structure:  Each  of  these  neurotoxic  proteins  Is  about  150  kD. 
They  are  synthesized  as  single  chain  proteins  and  then  nicked  to  the 
dIchaIn  structure  composed  of  a  light  and  heavy  chains.  The  neurotoxin 
(MT)  Holatpd  from  r  hxratl  was  recently  flemonstrated  as  a  ~150  kOa 
molecule  composed  of  a  **50  kOa  light  <L)  and  -*100  kOa  heavy  (H)  chain 
that  can  be  dissociated  after  reduction  (8).  Partial  amino  acid 
sequences  of  botullnum  NT  types  A,  B,  C^  and  E  based  on  Edman 
degradation  are  available  (4,17).  The  complete  sequence  of  tetanus  NT, 
based  on  nucleotide  sequence,  was  reported  from  two  European 
laboratories  (12).  A  comparison  of  the  available  amino  acid  sequences 
reveals  the  following:  Each  NT  Is  nicked  l/3rd  the  distance  from  the 
N-termlnal.  In  each  case  the  N-termlnal  amino  acid  of  the  mature 
protein  Is  Pro.  In  the  L  chain,  -Ile-Trp-  pair  Is  found  between 
residues  38  and  43  In  each  protein.  The  H  chain  In  each  case  h^s  a 
different  N-termlnal  amino  acid.  In  each  of  the  H  chain  a  1/2  Cys  Is 
present  within  the  first  10  residues  fran  the  N-termlnal.  This  1/2  Cys 
Is  flanked  by  Leu  or  He  on  the  amino  side  and  He  on  the  carboxyl 
side.  This  1/2  Cys  appears  to  form  the  disulfide  with  the  L  chain. 

Four  residues  away  from  the  1/2  Cys  Is  an  Asn.  Another  four  residues 
away,  I.e.  9  residues  away  from  1/2  Cys  Is  Phe. 

As  more  sequence  data  become  available  more  of  these  Invariant  and 
unique  features  may  become  known  that  could  serve  as  the  "signature 
sequence"  of  the  clostridial  NTs.  Our  laboratory  Is  awaiting  the 
results  of  partial  sequences  of  the  type  F-Ilke  NT  from  C.  baratl  and 
the  type  F  NT.  He  are  waiting  to  see  If  the  Invariant  features  noted  so 
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far  will  hold  true.  The  NT  Isolated  from  C.  butyrlcum  was  partially 
sequenced  and  compared  with  type  E;  we  have  found  differences  In  only 
three  residues  In  the  L  chain  at  positions  #2,  14  and  27.  But  so  far  we 
have  not  found  any  violation  of  the  "signature  sequence"  (4). 

He  have  progressed  using  the  classical  protein  chemistry  I.e. 
fragmentation,  Isolation  of  the  fragments  and  then  Edman  degradation; 
for  comparative  purposes  the  following  Is  known  at  this  time  from  the 
type  A  and  E  NTs.  If  we  assume  that  the  NT  has  -1300  amino  acids,  we 
have  sequenced  27X  of  the  L  chain,  14X  of  the  H  chain  I.e.  18X  of  the 
entire  type  A  NT.  For  type  E  corresponding  numbers  are  20. 4X,  10. 9X  and 
14. 2X  (Fig.  1).  On  type  A  the  numbers  73,  47,  4,  35,  21,  and  59  are  the 
number  of  residues  sequenced  from  the  Indicated  locations.  The  same  Is 
true  for  type  E.  These  segments  show  In  the  tabular  form  the  Indicated 
X  homology  (positional  Identity)  with  tetanus  NT. 

How  correct  are  these  sequences  determined  by  Edman  degradation?  The  35 
residues  at  the  N-termlnal  of  the  type  A  H  chain  reported  by  Shone, 
Hambleton  and  Helling  (15)  agree  with  the  27  residues  we  have  Identified 
(4).  Another  Independent  confirmation  comes  from  our  nucleotide 
sequencing  of  the  type  A  NT  gene.  In  Fig.  2  the  N-termlnal  of  the 
L-chaln  Is  examined.  Amino  acid  sequence  derived  from  the  DNA  matched 
exactly  with  the  Edman  degradation  results. 

Site  of  nlcklno:  Hhich  two  amino  acid  residues  make  the  peptide  bond 
that  Is  the  nicking  site?  For  this  question  we  have  examined  type  A  and 
E  NTs.  Fig.  3  shows  that  In  type  A  NT  the  H  chain,  beginning  with 
Ala-Leu-Asn,  Is  connected  to  the  L  chain  whose  C-termlnal  amino  acids 
,trp  unknnwn.  ^Imllarlv,  In  fvp»  F  NT.  It";  H  rhain  h<»o1nnlno  with 
Lys-Ser-Ile  Is  connected  to  amino  add  residues  of  unknown  identity. 

Note  that  the  N-termlnal  residue  of  the  H  chain  of  these  NTs  are  not 
Identical.  Because  trypsin  nicks  single  chain  type  A  and  single  chain 
type  E  (to  their  dIchaIn  forms)  one  would  expect  Lys  or  Arg  residues  to 
provide  the  peptide  bond  as  the  nicking  .ite.  We  had  proposed  several 
years  ago,  based  on  chemical  modification  studies  that  an  arginyl 
residue  In  type  E  is  the  nicking  site  for  trypsin  (5,6).  Studies  In 
another  laboratory  In  this  area  were  Interpreted  to  conclude  that 
trypsin  nicks  type  E  NT  at  a  Lysyl  peptide  because  the  protease  Lys-C 
(which  Is  highly  specific  for  Lysyl  bonds)  nicked  type  E  Into  wliat 
appeared  as  L  and  H  chains  (9). 

In  our  laboratory  the  single  chain  type  E  NT  was  nicked  with 
commercially  available  Lys-C  protease  The  single  chain  protein  yielded 
two  fragments  that  resembled  L  and  H  chains  In  SDS-PAGE.  We  sequenced 
these  fragments.  In  the  H  chain  we  found  Gly-Ile-Arg-Lys-Ser-Ile  at  the 
N-termlnal.  Thus  the  peptide  bond  In  type  E  that  Is  nicked  by  trypsin 
Is  Arg-Lys  (Gimenez,  J.  and  DasGupta,  8.  R.,  to  be  published).  Also 
recently  we  nicked  the  type  A  single  chain  NT  with  a  protease  that  we 
Isolated  from  C.  botullnum  type  A  culture  (7).  The  endogenous  protease 
was  purified  1000-fold  using  the  synthetic  substrate  benzoyl  arginyl 
p-nitroani 1 Ide— a  substrate  for  trypsin.  The  single  chain  type  A  NT  was 
Isolated  using  a  method  that  was  reported  by  Kryslnskl  and  Suglyama 
(10).  The  two  chains  of  the  nicked  type  A  were  sequenced.  The 
N-termlnal  residues  of  the  H  chain  were  Gly-Tyr-Asn-Lys-Ala-Leu-Asn 
(Dekleva,  M.  and  DasGupta,  B.  R.,  to  be  published). 
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Results  from  type  A  NT  point  out  an  interesting  Issue.  The  H  chain  of 
type  A  Isolated  from  the  dIchaIn  type  A  NT  begins  with  Ala-Leu-Asn  but 
not  with  Gly-Tyr-Asn-Lys.  So  why  Is  the  endogenous  protease  nicking  the 
single  chain  protein  four  residues  away  from  Ala  the  well-known 
N-termlnal?  Two  explanations  are  possible:  First,  we  digested  a  pure 
preparation  of  the  single  chain  protein  In  vitro  wKh  a  pure  protease 
preparation.  In  the  bacterial  culture  the  situation  Is  different.  The 
NT  remains  tightly  bound  to  a  hemagglutinin  protein.  Thus,  availability 
of  the  susceptible  peptide  bond  in  vivo  could  be  different.  Second 
possibility  Is  that.  In  the  bacterial  culture,  another  cleavage  occurs 
between  Lys-Ala  that  removes  the  tetra  peptide  Gly-Tyr-Asn-Lys.  A  word 
of  caution.  In  the  case  of  type  A  Gly-Tyr-Asn-Lys  need  not  be 
considered  the  C-termlnal  amino  acids  of  the  L-chaIn,  until 
experimentally  demonstrated:  One  reason  for  this  caution  was  mentioned 
above,  I.e.  these  four  residues  are  perhaps  temporary  N-termlnal 
residues  of  the  H  chain  that  are  removed  from  the  mature  H  chain. 

Spontaneous  break  down  of  L-chaIn:  We  routinely  separate  the  L  chain 
from  the  H  chain  using  a  QAE-Sephadex  column  and  pH  8.4  buffer  that 
contains  DTT  and  2  M  Urea  (14).  We  observed  that  the  L  chain  of  type  A 
after  separation  from  the  H  chain  begins  to  yield  two  fragments  of  size 
-27  kOa  and  -18  kDa.  These  were  detected  In  SDS-PAGE.  The  H  chain 
following  Its  Isolation  and  the  parent  dIchaIn  NT  do  not  yield  similar 
products  under  comparable  conditions.  Because  the  type  A  NT  Is  Isolated 
from  a  culture  that  Is  highly  proteolytic  we  extended  our  study  of  this 
phenomenon  using  type  E  NT  which  Is  produced  by  non-proteoiytic 
culture.  The  type  E  L  chain  after  separation  from  the  H  chain  was  also 
found  to  yield  -27  kDa  and  -18  kDa  fragments. 

Partial  amino  acid  sequences  of  these  fragments  established  two  points. 
The  -27  and  -18  kDa  fragments  come  from  the  N-  and  C-termlnal  regions  of 
the  L-chaIn,  respectively;  the  L  chains  of  the  type  A  and  E  breakdown  at 
precise  peptide  bonds.  These  bonds  are  five  residues  apart.  The  47 
residues  of  the  18  kDa  fragment  of  type  A  (4)  and  the  41  residues  of  the 
type  E  align  with  tetanus  NT  beginning  at  Its  residue  #259  and  #264, 
respectively.  Out  of  47  residues  of  the  type  A  18  are  Identical  to 
tetanus.  This  gives  381  homology.  Out  of  41  residues  of  type  E  20  are 
Identical  to  tetanus;  this  gives  491  homology.  The  13  overlined  residue 
of  type  E  are  positionally  Identical  to  type  A;  that  gives  321 
homology.  Hoinology  Increases  further  If  single  nucleotide  base 
substitution  Is  considered. 

Fragmentation  of  the  Isolated  L  chain  of  botullnum  NT  Is  not  restricted 
to  type  A  and  E.  We  have  observed  the  same  In  type  B  which  Is  currently 
under  Investigation. 

We  do  not  have  a  definitive  explanation  as  to  why  the  fragmentation 
occurs.  Probable  causes,  I.e.  proteolytic  or  non-proteolytic  were 
considered.  Although  the  presence  of  traces  of  a  protease  in  the  NT 
preparation  Is  a  possibility  which  is  extremely  difficult  to  disprove; 
several  observations,  experiments  and  arguments  argue  against  a  protease 
catalyzed  fragmentation.  An  explanation  alternative  to  the  protease 
catalyzed  fragmentation  Is  that  certain  aspartyl  and  asparginyl  residues 
can  form  succlnlmlde  ring  that  leads  to  spontaneous  degradation  of 
protein.  Within  the  last  two  years  a  number  of  papers  have  appeared 
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discussing  this  Issue  (see  ref.  16).  Our  experimental  results  and 
Interpretation  have  been  submitted  for  publication  (DasGupta,  B.  R.  and 
Foley,  J.).  Whether  In  vivo  the  L  chain  separates  from  the  H  chain  Is 
not  yet  known  but  the  slow  In  vitro  fragmentation  we  found  warrants 
consideration  In  the  studies  where  the  Isolated  L  chain  Is  to  be  used. 

Structure-Function  Relationship:  We  have  utilized  three  different 
approaches  to  study  the  structure-function  relationship  of  the  NT.  These 
are:  1)  Chick  ciliary  ganglion-iris  neuromuscular  preparation,  2)  Bovine 
chromaffin  cells,  dlgltonln  permeablllzed,  3)  Rat  pheochronocytoma  cell 
line  PC-12,  cracked  cells. 

The  bioassay  using  the  chick  Iris  neuromuscular  preparation  (dissected 
from  1-10  day  old  chicks  Is  mounted  onto  a  dish  perfused  with  an 
oxygenated  physiological  salts  solution,  the  Iris  nerve  ganglion  Is 
sucked  Into  an  electrical  stimulator  and  a  force  transducer  Is  placed 
Inside  the  ring  formed  by  the  Iris  muscle,  the  time  to  Inhibit  the 
muscle  contraction  Is  noted)  show  dose-response  to  the  type  A  and  E  NT. 
The  mildly  trypslnlzed  type  E  NT  Is  about  20-40  folds  more  active  than 
the  untrypsinized  type  E.  The  Iris  system  Is  sensitive  to  the  NT  at 
concentrations  similar  to  those  used  In  experiments  with  mouse 
hemidlaphragm  preparations. 

Using  this  system  (Lomneth,  R.,  Suszkiew,  J.  and  DasGupta,  B.  R.,  to  be 
published)  we  have  repeated  our  earlier  studies  made  with  Isolated  L  and 
H  chains  (1):  Results  were  as  follows:  The  Isolated  chains  of  type  A 
by  themselves  did  not  produce  paralysis  up  to  about  180  minutes.  The 
Isolated  H  chain  delayed  (antagonized)  the  paralytic  effect  of  the 
parent  rtlrhaln,  Anrt  when  the  t1^<:iie  inriih.ited  fir'st  wl+h  H  rhaln  was 
washed  to  remove  free  unbound  H  chain  and  then  further  Incubated  with  L 
chain  we  observed  rapid  paral'sls.  These  observations  were  similar  to 
what  we  had  reported  using  nr  use  hemidlaphragm  neuromuscular  preparation 
(1). 

These  results  once  aga’.-'  Indicate  that  the  H  chain  binds  with  specific 
sites  on  the  nerve  terminals  and  competes  with  the  parent  dlchaln  NT  for 
these  sites.  This  binding  permits  the  L  chain  (or  some  combination  of 
the  L  and  H  chain)  to  bring  about  paralysis.  These  experiments  do  not 
show  If  the  paralysis  requires  Internalization  of  the  L  chain  or 
combination  of  L  and  H  chains. 

Role  of  L  chain  In  paralysis:  Using  two  Independent  techniques  and 
different  secretory  cells  (the  dlgltonln  permeablllzed  chromaffin  cells 
and  cracked  PC-12  cells)  we  have  established  that  only  the  L  chain 
segment  of  the  NT  causes  the  biochemical  damage  Inside  the  cells  that 
blocks  neurotransmitter  release.  In  these  two  different  systems  we 
bypassed  the  "receptor"  binding  and  "passage  through  lipid  membrane" 
steps. 

The  chromaffin  system:  Low  concentrations  of  the  detergent  dlgltonln 
renders  the  plasma  membrane  of  bovine  adrenal  chromaffin  cells  permeable 
to  Ions  and  proteins  without  altering  the  Integrity  of  the  Intracellular 
storage  granules  and  Ca'*"*’  dependent  catecholamine  secretion.  In 
collaboration  with  Prof.  Ronald  Holz  and  Dr.  Mary  Bittner  (University  of 
Michigan,  Ann  Arbor)  we  have  been  examining  the  effect  of  the  NTs  and 
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their  subunit  chains  on  the  secretion  of  catecholamine  (2,3).  The  type 
A  NT  and  Its  Isolated  L  chain  Inhibited  Ca'*"*'  dependent  catecholamine 
secretion  In  a  dose  dependent  manner,  only  when  seml-permeabl 1 Ized  cells 
are  used.  Inhibition  was  not  seen  when  Intact  cells  were  used. 
Therefore,  Inhibition  required  Introduction  of  the  NT  or  Its  L  chain 
Inside  the  cells.  The  heavy  chain  had  no  effect.  The  degree  of 
Inhibition  achieved  by  type  A  NT  or  Its  Isolated  L  chain  was  not 
complete,  but  they  were  comparable.  The  Inhibition  could  not  be 
overcome  by  Increasing  Ca"’"*’  concentration.  The  Inhibition  occurs 
rapidly  I.e.  within  3  min.  and  Is  Irreversible,  Botulinum  type  E,  the 
single  chain  protein  was  also  Inhibitory  In  a  dose-dependent  manner. 
Trypsinizatlon  nicks  the  single  chain  type  E  protein  to  the  dIchaIn  form 
and  Increases  Its  mouse  lethality.  Therefore  we  wanted  to  see  If  the 
catecholamine  secretion  Inhibition  assay  will  also  show  similar 
activation.  The  trypsinized  dIchaIn  type  E  exhibited  at  least  30  folds 
higher  Inhibitory  potency  than  the  untrypsinized  single  chain.  We  have 
not  yet  tested  the  Isolated  type  E  L  chain.  In  contrast  to  the  dIchaIn 
type  A  as  well  as  single  chain  and  dIchaIn  type  E,  the  single  chain  type 
B  was  not  Inhibitory.  Trypsinizatlon  of  type  B  produced  the  dlchaln 
type  B,  but  this  was  also  not  Inhibitory.  Reduction  of  the  dlchaln  type 
B  with  DTT  produced  Inhibition.  The  Isolated  L  chain  was  Inhibitory. 
Inhibition  was  complete.  Table  1  summarizes  these  observations  (2). 

In  our  second  approach  PC-12  cell  lines  are  used  (Lomneth,  R,,  Martin, 
T.F.J.,  and  DasGupta,  B.  R.,  to  be  published).  The  cells  are 
permeablllzed  by  a  physical  process  referred  to  as  cracking.  Cracked 
cells  are  formed  when  cells  are  passed  through  a  ball  homogenizer  with 
enough  shear  force  to  break  open  the  cell  membrane,  but  gentle  enough  to 
leave  thp  >;prrptory  apparptii<;  fimrtlonal  and  rP5p^n''lvp  +o  Ca''"*' 
stimulation  (11).  The  effect  of  dlchaln  type  B  NT  and  Its  Isolated 
chains  on  catecholamine  release  were  examined.  As  was  found  with 
chromaffin  cells  dlchaln  type  B  NT  without  reduction  did  not  inhibit 
secretion.  The  results  with  PC-12  cells  once  again  showed  that  the  Ca^"^ 
stimulated  norepinephrine  release  Is  sensitive  to  the  NT  only  when  the 
PC-12  cells  are  permeablllzed.  Host  Importantly,  the  L  chain  alone  can 
cause  Inhibition  as  effectively  as  the  parent  dlchaln  NT  once  It  Is 
Inside  the  cell.  Another  Important  fact  Is  that,  once  the  L  chain  Is 
Internalized,  Its  poisoning  effect  Is  not  enhanced  by  the  presence  of 
the  H  chain. 

2-D1mens1onal  crystals  of  the  NTs  and  amphiphilic  secondary  structure: 
The  first  two  steps  of  intoxication  are  binding  of  the  NT  to  the 
membrane  surface  and  then  Internal Iztion  through  membrane.  Both  events 
Involve  Interaction  of  protein  with  lipids.  A  number  of  laboratories 
have  shown  that  botullnum  NT  binds  the  ganglloside  GTIb.  The 
ganglloside  binding  property  has  allowed  us  to  prepare  two  dimensional 
crystals  of  type  A,  B  and  E  NTs.  The  crystals  form  at  the  Interface  of 
a  solution  of  NT  and  a  phospholipid  monolayer  containing  ganglloside. 
This  work  was  accomplished  In  collaboration  with  Prof.  John  Robinson  at 
Vanderbilt  University.  The  method  was  similar  to  the  procedure  used 
previously  to  prepare  2-D  crystals  of  tetanus  neurotoxin  (13). 

The  crystals  of  botullnum  types  A,  B  and  E  neurotoxins  have  been 
prepared  more  than  once  and  from  more  than  one  Independent  NT 
preparation.  The  optical  diffraction  patterns  of  type  A  and  E  Indicate 
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that  the  structures  are  visibly  ordered  to  about  25-30A*.  The  type  B  NT 
crystals  are  tubular  In  form  \~1000A)  In  diameter  and  have  a  visible 
helical  period.  These  crystals  form  most  abundantly  over  a  pH  range  4.5 
to  6.0  and  the  number  of  crystals  decreases  rapidly  outside  this  range. 
The  tubular  structures  also  form  "most  abundantly"  at  ionic  strength 
below  0.1  at  pH  5.6. 

To  understand  how  a  water  soluble  protein  becomes  partially  embedded  In 
the  membrane  lipid  and  how  does  It  cross  the  hydrophobic  membrane 
barrier  to  reach  the  cytoplasm  presence  of  amphiphilic  secondary 
structures  In  type  A  NT  was  considered. 

Dr.  Frenec  Kezdy  and  I  searched  for  the  amphiphilic  structures  using  the 
algorithm  of  K.  D.  Berndt  and  F.  J.  Kezdy.  The  presence  of  one 
amphiphilic  a-hel1x  was  found  In  each  of  the  four  peptide  regions 
sequenced  (see  Fig.  1);  these  are  residue  #32-44  (-VKAFKIHNKIWVI-), 
residue  #36-47  (-YYNKFKDIASTL-) ,  residue  #2-16  (-YNKALNDLCIKVNNW-)  and 
residue  #1-16  (-IYLNSSLYRGTKFIIK-).  Predictive  analysis  by  the 
Chou-Fasman  method  also  showed  that  the  amphiphilic  segments  of  the 
first  three  regions  (residues  #32-44,  36-47  and  2-16)  also  have  an 
a-he11x  potential,  but  the  fourth  segment  (residues  #1-16)  does  not. 

This  allows  us  to  predict  that  at  least  these  three  segments  are  In  the 
helical  form  In  the  native  NT  and  they  are  on  the  surface  of  a  globular 
domain;  but  once  they  come  In  contact  with  a  phospholipid  b1 layer,  they 
are  able  to  Insert  themselves  Into  the  lipid  structure.  Such  an 
Interaction  would  also  be  favored  by  the  net  positive  charge(s)  on  all 
these  regions  (can  be  seen  from  their  Edmundson  projections).  The 
potential  structural  role  of  these  amphiphilic  segments  Is  also 
supported  by  the  fact  that  both  the  amphlphi l lt1 ly  and  the  helix 
potential  Is  fully  conserved  In  the  corresponding  segments  (residues 
35-46;  296-306;  459-473  and  1163-1177)  of  the  tetanus  NT  (12). 
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F!g.  1  Regions  of  botuHnum  NT  Type  A  and  E  sequenced  by  Edman 
degradation  and  their  comparison  with  tetanus 
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Infrared  Spectroscopy  as  a  Tool  to  Determine  the  Secondary 
Structure  of  Proteins  and  the  Orientation  of  Protein  Domains  in  a 
Lipid  Membrane 

E.  Goormaghtigh,  V.  Cabiaux  and  J.-M.  Ruysschaert 

Laboratoire  de  Chimie  Physique  des  MacromoIBcules  aux  Interfaces.  University  Libre  de 
Bruxelles,  Bd,  du  Triomphe  CP  206/2,  B-1060  Brussels,  Beigium 


INTRODUCTION 

The  determination  of  the  conformation  of  biological 
membrane  molecules  by  experimental  means  has  long  been 
challenged  by  the  difficulties  encountered  to  obtain 
crystals  of  proteins  suitable  for  high  resolution  X-ray 
crystallography  and  by  the  turbidity  inherent  to  membrane 
fragments  which  prevents  them  from  being  analyze  by 
spectroscopic  methods  using  UV  or  visible  light. 

Infrared  spectroscopy  has  been  recog'iized  for  long  as  a 
potentially  useful  method  to  gain  information  on  the 
structure  of  molecules  of  biological  interest,  n'wever,  the 
complexity  of  the  latter  molecules,  the  intrinr  u  broadeness 
of  the  absorbtion  bands  in  the  lic[uid  or  solid  state  and  the 
presence  of  water  (H2O  or  D2O)  whose  bands  overlap  several 
interesting  regions  of  the  sample  spectrum  have  prevented 
the  technique  from  a  widespread  development.  The  recent 
availability  of  FTIR  instrumentation  along  with  computer 
softwares  alloying  to  solve  to  some  extent  the  problems 
described  above  has  enable  IR  spectroscopy  to  become  one  of 
the  leading  technique  in  the  experimental  search  of  the 
structure  of  biological  molecules.  In  some  areas,  IR 
spectroscopy  has  become  the  only  technique  available.  Let  us 
quote  for  example  the  determination  on  hydrated  membranes  of 
the  secondary  structure  of  membrane  proteins,  the 
determination  of  the  orientation  of  some  protein  segments 
with  respect  to  the  plane  of  the  membrane,  the  evaluation  of 
the  structure  and  orientation  of  the  different  phospholipid 
groups,  the  determination  of  the  ionization  state  of  various 
chemical  groups  of  interest,  etc...  Moreover,  results  are 
obtained  in  a  relatively  short  lag  of  time  if  we  compare 
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with  other  techniques  such  as  NMR  of  selectively  deuterated 
molecules  or  X-Ray  crystallography. 

In  this  paper,  we  describe  how  infrared  spectroscopy  can  be 
used  for  the  determination  of  protein  secondary  structure 
and  of  the  orientation  of  protein  segments  in  a  lipid 
bilayer. 


MATERIALS  AND  METHODS 

The  detailed  methodology  of  I.R.  spectroscopy  has  been 
described  elsewhere  (1).  Porin,  Bacteriorhodopsin  and 
glycophorin  were  reconstituted  according  to  2,  3,  4 
respectively. 


RESULTS 

The  system  (ATR=>  Attenuated  Total  Reflectiori  method  (5))  we 
used  for  recording  our  spectra  is  shown  figure  1:  the  sample 
is  deposit  on  one  side  of  a  germanium  plate  and  then  slowly 
evaporated  under  nitrogen  flux.  When  lipids  are  present  in 
the  suspension,  they  spontaneously  form  oriented  multilayers 
on  the  surface  of  the  plate. 


Figure  1  ;  Internal  reflection  element  (IRE) . 


A.  Determination  of  protein  secondary  structure. 

It  has  been  known  for  long  that  protein  IR  spectra  are 
sensitive  to  secondary  structure.  The  amide  I  band  (amide 
carbonyl  stretching)  is  the  most  useful  band  to  study  since 
it  is  the  most  conformational  sensitive  and  it  falls  between 
1600  cm“^  and  1700  cm“^,  a  region  with  little  lipid 
absorption  (except  for  phosphatidylserine) .  The  sensitivity 
of  the  shape  of  amide  I'  (the  *  means  that  a  H/D  exchange 
has  been  realized)  on  the  protein  secondary  structure 
appears  in  figure  2  where  the  ATR  spectrum  of  3  soluble 
proteins  are  presented. 
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Figure  2  :  Infrared  spectrum  in  the  amide  I  region  of  three 
soluble  proteins  prepared  for  ATR  by  the  solvent 
evaporation  technlgue.  a.  myoglobin;  b.  papain;  c.  a- 
chymotrypsin. 


The  structure  of  these  proteins  have  been  previously 
determined  by  X-Ray  crystallography.  Myoglobin  is  rich  in  a 
helix  structure,  a-ch^Tnotrypsin  in  0  sheets  structure  and 
papain  contains  both  a  helix  and  0  sheets. 

In  the  case  of  myoglobin,  the  frequency  of  the  peptide  C=0 
stretching  at  1655  cm”^  indicates  a  largely  a  helix 
structure,  o-chymotrypsin  absorption  near  1630  cm”^  is 
characteristic  of  0  sheets  and  papain  which  contains  both  a 
helix  and  0  sheets  shows  two  peaks,  respectively  around 
1650  cm”^  and  1630  cm“^. 

Similar  data  obtained  with  membrane  proteins  reconstituted 
in  dimyrlstoylphosphatidylcholine  (DMPC)  vesicles  are  shown 
in  figure  3.  (a)  is  the  spertrura  of  porin  ,  an  outer 
membrane  protein  of  E.  Coli,  assumed  to  be  associated  to  the 
membrane  by  several  0  sheets  (6) .  As  in  the  case  of  a- 
chymotrypsin,  the  ATR  spectrum  of  porin  shows  a  proeminent 
peak  near  1630  cm”^.  Bacteriorhodopsin,  associated  to  the 
membrane  of  Halobacterium  holobium  by  7  transmembrane 
helices  (7)  shows  an  absorption  peak  near  1660  cm~^ 
(Fig. 3c).  For  glycophorin,  whose  structure  has  been  shown  by 
CD  to  consist  of  a  and  0  structures  (8),  two  components  can 
be  clearly  identified  in  spectrum  figure  3b. 
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Figure  3  ;  Infrared  spectrum  in  the  amide  I  region  of  three 
membrane  proteins  reconstituted  into  liposomes  and  then 
prepared  for  ATR  by  the  solvent  evaporation  technique,  a. 
porin,  b.  glycophorin  A,  c.  bacteriorhodopsin. 


Assignement  of  the  different  frequencies  found  in  amide  I' 
to  the  different  recognized  secondary  structures  were  made 
on  empirical  basis  as  well  as  on  theoretical  grounds  (9)  . 
The  way  the  secondary  structures  were  determined  for 
proteins  from  ATR  spectra  is  illustrated  in  figure  4  for 
papain. 
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Figure  4  :  Fourier  self-deconvolution  and  curve  fitting 

realized  on  the  amide  I'  band  of  papain,  see  text  for 
details  of  the  procedure.  K  is  the  resolution  enhancement 
factor.  The  vertical  dotted  lines  indicate  the  frecjuency 
limits  in  which  each  secondary  structure  is  fornd. 


The  number  and  the  approximate  frequency  of  the  different 
components  are  obtained  after  Fourier  self-deconvolution 
(here  K=2.4).  A  curve  fitting  using  Lorentzian  lines  is  then 
performed.  The  results  of  the  curve  fitting  reported  in 
figure  4a  are  then  used  as  input  parameters  for  a  second 
curve  fitting  performed  on  the  original  spectrum.  This 
procedure  avoids  some  of  the  drawbacks  of  the  curve  fitting 
techniques  (10)  and  prevents  artifacts  possibly  introduced 
by  the  deconvolution  to  interfere  with  the  quantitative 
analysis.  The  areas  of  the  components  assigned  to  a  same 
structure  are  added  and  the  percentage  of  that  structure  in 
the  protein  is  taken  to  be  that  resulting  area  divided  by 
the  total  amide  I'  area.  This  method  assumes  that  the 
extinction  coefficient  are  identical  for  all  the  secondary 
structures.  When  this  procedure  was  extended  to  a  series  of 
well-characterized  proteins,  the  mean  difference  between  the 
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values  so-obtained  and  the  X-ray  values  amounted  to  no  more 
than  2%  (S.D.  8%)  for  all  the  proteins  and  all  the 
structures  when  using  a  quite  automatic  procedure  which 
requires  no  human  decision  between  the  recording  of  the 
spectra  and  the  obtention  of  the  secondary  structure 
(unpublished  results) . 

B.  Orientation  of  protein  secondary  structures. 

The  theory  about  the  determination  of  orientations  by  IR-ATR 
in  lipid  multibilayers  systems  has  been  reviewed  by  Fringeli 
and  Gvinthard  (5)  .  The  amide  1  vibration  is  made  out  of 
80%(C=0),  10%(C-N)  and  10% (N-H)  vibrations.  In  a  alpha- 
helix,  the  main  transition  dipole  moment  (v(C=0))  lies  close 
to  a  parallel  to  the  helix  axis  while  in  an  anti-parallel 
beta-sheet  the  polarisation  is  opposite  i.e.  predominantly 
perpendicular  to  the  fiber  axis  (11).  It  is  therefore 
possible  to  determine  the  mean  orientation  of  the  alpha- 
helix  and  beta-sheet  structures  from  the  orientation  of  the 
peptide  bond  C=0  group.  When  that  information  was  desired, 
additional  spectra  were  recorded  with  parallel  (O’)  and 
perpendicular  (90°)  polarized  incident  light  with  respect  to 
a  normal  to  the  ATR  pla^e.  Polarization  was  expressed  as  the 
dichroic  ratio  R3^j.=A^®  /A®  .  The  mean  angle  between  the  C=0 
bond  and  a  normal  to  the  ATR  plate  surface  was  then 
calculated  from  Hgtr  according  to  Fringeli  and  Giinthard  (5)  . 
Figure  5  reports  the  ATR  polarized  spectra  of 
bacteriorhodopsin  incorporated  into  DMPC  multilayers. 
Polarization  appears  more  clearly  on  the  difference  spectrum 
90*-0’.  The  lipid  C=0  stretching  at  1730-1740  cm“^  is  very 
weakly  polarized,  probably  because  it  is  composed  of  several 
contributions  with  various  orientations.  The  frequency  of 
the  peptidic  C=0  stretching  (amide  I)  at  1660  cm~^  indicates 
a  largely  a-helix  structure  of  the  protein.  The  Fourier 
self-deconvolution/ curve  fitting  analysis  (not  shown) 
determines  a  content  of  51%  for  the  o-helix  and  14%  for  the 
^-sheet  structures.  The  amide  I  band  is  strongly  polarized 
at  90*,  particularly  on  its  high  frequency  side,  indicating 
a  transmembrane  orientation  of  the  helices  according  to  the 
model  proposed  for  the  orientation  of  bacteriorhodopsin  into 
the  membrane.  The  orientation  of  the  lipid  hydrocarbon 
chains  perpendicular  to  the  membrane  plane  is  assessed  by  1) 
the  90*  polarization  of  the  CH2  wagging  at  1200  cm~^  (dipole 
|j  to  the  all-trans  chain  axis)  and  2)  by  the  0*  polarisation 
of  the  CHj  bending  at  1470  cm~^  (dipole  ||  to  the  H-C-H 
bissector  i.e.  x  to  the  chain  axis). 
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Figure  5  :  polarized  infrared  spectra  of  bacteriorhodopsin 
reconstituted  in  DMPC  liposomes.  Multilayers  were  formed  by 
the  solvent  evaporation  technique  on  a  Germanium  IRE  at  45'. 
Spectra  were  recorded  by  ATR.  The  difference  spectrum  90 '-0' 
is  rescaled.  A  positive  deviation  indicates  that  the  dipole 
is  oriented  preferentially  perpendicular  to  the  membrane 
plane  and  a  negative  deviation  suggests  an  orientation 
parallel  to  the  membrane  plane.  1.  lipid  acyl  chain  carbonyl 
stretching,  2.  peptidic  carbonyl  stretching  (amide  I),  3. 
lipid  hydrocarbon  chain  CH2  bending,  4.  lipid  hydrocarbon 
chain  CH2  wagging. 


DISCUSSION 

The  data  presented  in  this  paper  indicate  some  possible 
applications  of  infrared  spectroscopy  in  the  determination 
of  conformational  and  orientational  parameters  of  biological 
membrane  molecules.  However,  we  will  briefly  discuss  here 
the  limitations  of  the  interpretation  of  the  secondary 
structures  of  proteins  by  IR  spectroscopy.  Indeed,  for  the 
quantitative  evaluation  of  each  structure,  several 
hypotheses  are  put  forward  :  the  integrated  extinction 
coefficients  are  supposed  to  be  equal  for  all  structures  and 
all  types  of  proteins;  the  treatment  described  allows  only 
for  a  simple  interpretation  in  which  each  structure  (or 
family  of  structures,  see  below)  is  characterized  by  a 
defined  frequency  but  in  fact  only  80%  of  amide  I  is  due  to 
the  amide  C=0  stretching.  As  a  matter  of  fact,  these 
approximations  have  not  impeded  the  correct  estimation 
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(within  a  few  percent)  of  the  proportions  of  each  secondary 
structure  for  a  large  number  of  soluble  proteins  in  several 
approach  essentially  identical  to  ours  (9,12).  They  can 
therefore  be  considered  as  empirically  valid  with  regards  to 
soluble  proteins.  The  variability  of  the  width  of  the 
different  components  of  Amide  I  is  likely  due  to  the 
variability  of  the  different  structures  found  in  a  complex 
protein  which  causes  the  component  maxima  to  shift  within 
the  ranges  previously  defined  and  their  half-width  to  be 
broaden.  For  instance,  the  amide  I'  band  of  the  alpha  helix 
structure  which  usually  falls  near  1650-1655  cm“^  is  located 
at  1660  cm"^  for  bacteriorhodopsin.  Even  for  copolypeptides, 
frequency  shifts  (13)  and  considerable  band  broadening  (14) 
have  been  associated  to  small  conformational  changes  of  the 
"alpha  helix”.  Very  short  alpha  helices  are  also  predicted 
to  be  shifted  (15) .  Several  examples  of  the  variability  of 
the  amide  I  frequency  of  /3  sheets  type  structures  can  also 
be  found.  As  a  consequence,  the  components  determined  for 
large  proteins  are  likely  to  represent  a  family  of 
structures  with  common  features  e.g.  the  "alpha  helix" 
family  rather  than  a  single  structure. 
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INTRODUCTION 

MDCK  cells  grown  on  permeable  filters  form  monolayers  with 
tight  junctions  between  the  cells,  and  with  distinct  apical 
and  basolateral  membrane  domains  (1).  We  have  in  the  present 
study  used  the  to'cic  protein  ricin  to  measure  the  endocytic 
rate  from  the  basolateral  as  well  as  from  the  apical  side,  the 
rate  of  transcytosis  of  ricin  from  the  two  sides,  and  the 
ability  of  ricin  to  enter  the  Golgi  apparatus  and  to  intoxi¬ 
cate  the  cells  when  added  at  either  side.  We  have  also 
addressed  the  question  of  whether  ligands  added  from  the  two 
sides  meet  in  intracellular  organelles. 


MATERIALS  AND  METHODS 

Preparation  of  monovalent  ricin-horseradish  peroxidase  con¬ 
jugates,  protein  synthesis  measurement  and  electron  microscopy 
were  performed  as  earlier  described  (2) .  Ref.  3  describes 
binding  and  endocytosis  of  ^25j;_2abeled  ricin. 


RESULTS  AND  DISCUSSION 

Ultrastructural  studies  involving  ricin-horseradish  peroxidas- 
e  (Ri-HRP)  and  biochemical  measurements  based  on  ^^^I-labeled 
ricin  revealed  that  ricin  was  bound  both  to  the  apical  and 
basolateral  surface  of  the  MDCK  cells.  The  toxin  was  rapidly 
endocytosed  from  both  sides  of  the  cells,  although  somewhat 
more  efficiently  from  the  basolateral  side.  After  1  hour  of 
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incubation  with  monovalent  Ri-HRP,  which  behaves  like  native 
ricin  with  respect  to  intracellular  sorting  (2),  the  toxin  was 
found  in  apical  vacuoles  whether  added  from  the  basolateral 
or  from  the  apical  side.  Furthermore,  when  cat ionized  ferritin 
was  added  at  the  apical  side  and  ricin  was  added  at  the 
basolateral  side,  the  two  ligands  was  partially  colocalized  in 
the  same  organelles  after  1  hour  of  incubation.  Both  biochemi¬ 
cal  measurements  and  ultrastructural  studies  showed  that  ricin 
is  transferred  from  the  apical  side  of  the  cell  to  the 
basolateral  side  and  vice  versa.  Transcytosis  of  ricin  was 
most  efficient  from  the  apical  side  to  the  basolateral  side. 
Interestingly,  the  vesicular  profiles  which  were  labeled  with 
transcytosed  Ri-HRP  were  often  coated  (Fig.  1) . 


Fig.  1.  Left:  A  coated  vesicle  (arrow)  bringing  Ri-HRP  from 
the  basolateral  to  the  apical  side.  Right:  Cells  incubated 
with  Ri-HRP  for  1  hour  apically.  A  coated  pit  is  present 
(arrow) . 

Different  lines  of  evidence  suggest  that  ricin  has  to  be 
transferred  to  the  trans  Golgi  network  in  order  to  intoxicate 
the  cells,  and,  interestingly,  electron  microscopical  studies 
showed  that  ricin  entered  the  Golgi  apparatus  from  both 
sides.  Furthermore,  ricin  intoxicated  the  cells  with  about 
the  same  kinetics  when  added  at  the  basolateral  side  as  when 
added  apically.  This  result  is  of  interest  also  in  connection 
with  the  possible  use  of  immunotoxins. 
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INTRODUCTION 

Staphylococcus  aureus  is  known  to  produce  several  exotoxins 
(1).  One  major  component  of  these  exotoxins  is  the  «K-toxin, 
which  presumably  plays  a  major  role  in  the  pathogenicity  of 
this  microorganism.  The  ^-toxin  is  a  soluble  protein  which 
interacts  with  membranes  to  form  transmembrane  channels  or 
pores,  which  leads  to  cellular  damage.  The  pore  formation  is 
said  to  result  from  the  monomeric  -toxin's  ability  to  spon¬ 
taneously  aggregate  to  a  hexamer  on  interaction  with  mem¬ 
branes  (2)  .  We  have  recently  reported  diazofluorene  (DAF)  as 
a  new  photoactivable  reagent  for  labeling  membrane  hydropho¬ 
bic  core  in  both  artificial  and  natural  membranes  (3)  .  These 
studies  indicated  that  DAF  effectively  labels  the  membrane- 
spanning  domains  of  integral  membrane  proteins  in  human  eryt¬ 
hrocytes  (3).  In  the  present  study  it  was  observed  that  while 
DAF  does  not  label  the  -toxin  in  solution,  it  effectively 
labels  the  o<-toxin  in  the  membrane  bound  state  in  artificial 
membranes. 

MATERIALS  AND  METHODS 

Theoc-toxin  was  kindly  provided  by  Dr.  C.A.  Pasternak  and  Dr. 
S.  Bhakdi.  Phosphotidylcholine  (PC)  was  purified  from  egg 
yolk  and  vesicles  prepared  by  sonication  as  described  earlier 
(3).  In  all  experiments  10  mM  Tris  containing  100  mM  NaCl,  pH 
7  was  used.  For  carrying  out  the  calcein  release  assay,  the 
PC  vesicles  were  prepared  in  the  same  buffer  containing  0.8 
mM  calcein  and  passed  over  a  G-50  column.  The  PC  vesicles 
with  entrapped  calcein  were  eluted  in  the  void  volume.  The  PC 
concentration  at  this  stage  was  l  mM.  A  part  of  this  PC  (5 
nmoles)  vesicle  preparation  was  added  to  3  ml  of  Tris  buffer 
and  increasing  amount  of  «-toxin  (3  -  45  jug)  was  added.  The 
release  of  calcein  was  monitored  by  following  the  increase  in 
fluorescence.  The  0%  lysis  value  was  obtained  from  the  con¬ 
trol  PC  vesicles  which  did  not  contain  the  <x-toxin.  The  100% 
lysis  was  obtained  by  addition  of  5%  Triton  X-100  to  the 
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control  PC  vesicles.  Oiazofluorene  tritiated  at  position  C2 
was  prepared  as  described  earlier  (4).  An  alcholic  solution 
of  [3H]-DAF  (sp.  act.  175  mCi/mmole)  was  used.  On  addition  to 
the  aqueous  suspension  it  was  ensured  that  the  alcohol  conce¬ 
ntration  was  below  1%  (v/v) .  [3HJ-DAF  (0.5  pCi)  was  added  to 
1  ml  of  Tris  buffer  containing  30  pg  of  o<-toxin  and  incubated 
for  20  min  at  25*.  The  solution  was  then  photolysed  in  a 

tayonet  minireactor  (RMR-500)  fitted  with  four  25  watts  3000 
lamps,  for  3  min.  After  photolysis  the  aqueous  layer  was 
extracted  with  diethyl  ether  and  counted.  In  a  similar  expe¬ 
riment  [3HJ-DAF  (0.5  pci)  was  added  to  iml  of  PC  (2  mmoles) 
vesicle  preparation  and  incubated  for  20  min.  To  this  suspen¬ 
sion  30  pg  of  <ii-toxin  was  added  and  incubation  continued  for 
10  min.  The  suspension  was  then  photolysed  for  3  min  as 
described  above. 

RESULTS  AMD  DISCUSSION 

In  the  present  work  PC  vesicles  were  utilised  as  the  membrane 
preparation  for  studying  the  interaction  of  oe-toxin  with 
membranes.  Ikigai  and  Nakae  (4)  have  recently  shown  that  the 
eftoxin  interacts  with  vesicles  made  from  PC  containing  unsa¬ 
turated  fatty  acid'"  and  forms  hexameric  channels.  The  mem¬ 
brane  pore  format,  .n  property  of  •A-toxin  was  assessed  by 
calcein  release  assay.  Over  90%  of  calcein  was  released  at  a 
concentartion  of  30  pg/ml  of  c<-toxin.  When  ct-toxin  was  la¬ 
beled  with  [3HJ-DAF  in  solution,  no  radioactivity  was  found 
to  be  associateed  with  the*c -toxin.  On  the  other  hand  under 
conditions  when  oc-toxin  leads  to  pore  formation  in  PC  vesic¬ 
les,  [3HJ-DAF  effectively  labeled  the  c<.-toxin.  Photolabeling 
of  PC  vesicles  and «s -toxin  together  followed  by  chlorofor- 
m:methanol  (2:1)  extraction  indicated  that  both  the  PC  and 
the  ot -toxin  have  been  labeled.  The  aqueous  layer  obtained 
after  lipid  extarction,  on  Sephadex  G-50  column  chromatograp¬ 
hy  gave  bulk  of  the  radioactivity  in  the  void  volume,  confir¬ 
ming  the  labeling  of  <x -toxin  in  the  membrane  bound  state.  It 
is  interesting  to  note  that  DAF  does  label  soluble  proteins 
with  hydrophobic  sites  like  bovine  ot-lactalbumin  and  calmod¬ 
ulin.  The  labeling  of  <K-toxin  only  in  the  membrane  bound 
state  indicates  that  the  (»t-toxin  on  interaction  with  mem¬ 
branes,  undergoes  conformational  changes  leading  to  exposure 
of  hydrophobic  sites.  These  newly  genearted  hydrophobic  sites 
assist  in  effctive  interaction  of  the  «c-toxin  with  itself  and 
other  membrane  components  leading  to  transmembrane  channel 
formation. 
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In  previous  studies  from  our  laboratory  (1),  the  Interaction  of 
tetanus  toxin  (TeTo)  with  cerebral  neurons  in  culture  was  character¬ 
ized  as  ganglloside  (Gib)  mediated  three-step  Interaction. 
Additionally  we  have  documented  the  existence  of  a  second 
non-glycol  1  pi d  trypsin-sensitive  component  that  facilitates  the 
Interaction  of  TeTo  with  nerve  cells  (2). 

As  TeTo  binding  capacity  is  reversibly  pH-dependent  (3),  we  nave 
modulated  the  external  pH  during  binding  to  further  characterize  the 
Interaction  of  TeTo  with  the  different  components.  MaxlT-al  toxin 
binding  at  4*C  and  37*C  was  obtained  between  pH  4.2  -  4.9.  .At  cither 
acidic  or  neutral  pH  TeTo  binding  Is  absolutely  dependent-  nn  the  pre¬ 
sence  of  the  Gib  gangliosides  at  the  cell  surface.  However  the  role 
of  the  trypsin-sensitive  component  was  more  evident  at  pH  7.4  than  at 
pH  4.7.  (As  observed  by  sequential  proteolysis  and  cell  fixation 
which  reduced  the  binding  only  slightly  at  pH  4.7).  Furthermore, 
metabolic  inhibitors  (2-deoxyglucose  and  sodium  azide)  reduced 
toxin-cell  association  by  more  than  401  at  pH  7.4  while  had  almost  no 
effect  at  pH  4.7.  Therefore,  although  TeTo  is  Internalized  at  both  pH 
(as  It  became  Inaccessible  to  MAb's),  It  seems  that  different 
mechanisms  account  for  the  processing  at  acidic  and  neutral  pH.  This 
possibility  was  studied  by  testing  the  effect  of  lysosomotropic 
agents  (which  raise  the  acidic  endosomal  pH).  In  our  neuronal 
cultures  such  agents  (ammonium  chloride,  chloroqulne)  were  not 
effective  In  reducing  toxin  cell-association  at  eltiier  pH  4.7  or  7.4. 
Additional  analysis  of  the  fragmentation  pattern  on  SDS-PA(X  of 
labeled  TeTo  bound  to  cells  at  4*C  and  37*C;  at  pH  4.7  and  7.4 
revealed  similar  toxin  fragments.  These  results  might  imply  that  the 
acidic  endosomal  pH  Is  not  required  for  the  processing  of  TeTo. 


./. 
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Finally,  we  have  employed  hydrophobic  chromatography  to  dissociate 
between  the  direct  effect  of  pH  on  TeTo  molecule  from  Its  Interaction 
with  the  receptor  components  at  cell  surface.  An  elution  profile  was 
designed  to  separate  between  hydrophilic  and  hydrophobic  materials  at 
either  pH  4.7  or  7.4.  At  the  neutral  pH  most  of  the  toxin  (ca.  601) 
was  eluted  under  hydrophyllc  conditions  >h11e  at  the  acidic  pH  a 
clear  Increase  of  hydrophobic  population  was  observed.  The  Increase 
In  the  hydrophobic  properties  of  TeTo  observed  at  acidic  pH  is  in 
agreement  with  previous  evidence  from  other  laboratories  (for  review 
see  (41).  The  concept  that  neurotoxins  undergo  conformational  changes 
at  acidic  endosomal  pH  with  exposure  of  hydrophobic  surfaces,  has 
been  proposed  as  a  general  mechanism  for  the  p...etrat1on  across  the 
lipid  bilayer. 


i_:  Hydix<Ju)blc  chromatography  of  ^^l-WTo  at  different  on 
phenyl-  scphamwe  (CX-4B)~oolutTn. 

(1x10^  cp»)  was  loaded  on  a  phenyl-sepharoea  oolum  (2  ad)  pro- 
aqMlllbrated  with  2.0  M  Tns-a  (at  auitabla  pH).  RadloacUvlty  was 
aluted  from  the  column  starting  with  2.0  M  Trls,  followed  by  0.05  M  Trls 
(10  ml  each)  and  then  by  a  linear  gradient  developed  by  7M  urea  (10  ml) 
Into  0.05  M  Trls  (10  ml)  and  finally  washed  by  7M  urea. 
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INTRODUCTION 

Tetanus  toxin  (TeTx)  is  a  potent  neurotoxin  which  acts  both  on 
the  central  and  on  the  peripheral  nervous  system.  Its 
paralyzing  effects  require  several  steps:  binding  to  nerve 
terminals,  internalization,  retrograde  axonal  transport, 
transition  to  presynaptic  neurons  (1,2).  TeTx  forms  channels 
in  model  membranes  (3).  The  strong  pH  dependence  of  the 
membrane-toxin  interaction  and  the  resistence  of  mutant  cells 
defective  in  endosomes  acidification  suggest  that  TeTx  is 
internalized  via  endocytic  vescicles.  The  channel  forming 
properties  may  be  related  to  this  step. 


MATERIALS  AND  METHODS 

TeTx,  B-fragment  and  toxoid  were  kindly  gifted  by  prof. 
B.Bizzini.  Small  unilamellar  vesicles  (SUV)  were  prepared  by 
sonicaticn,  loaded  with  70  mM  calcein,  and  washed  by  gel  fil¬ 
tration.  Phosphatidylcholine  (PC),  phosphatidy I'^erine  (PS)  and 
phosphatidyl inosi tol  (PI)  were  used  alone  or  in  lil  mixtures. 

RESULTS 

We  studied  the  interaction  of  TeTx  with  SUV  of  various  lipids 
as  a  function  of  pH,  toxin  concentration ,  temperature  and 
ionic  strength.  TeTx  increases  the  permeability  of  the 
vesicles,  Fig.lA.  The  time  course  of  permeabi 1 ization  is 
described  by  the  sum  of  two  exponential  components  of  which 
the  faster  accounts  usually  for  more  than  70V.  of  the  effect. 
Both  time  constants  decrease  either  by  lowering  the  pH  or  by 
introducing  negative  lipids  into  the  vesicles,  Fig. IB.  We 
presented  a  simple  model  based  on  reaction  rate  theory  which 
accounts  for  these  results  (4).  It  assumes  that  insertion  of 
TeTx  into  a  lipid  membrane  occurs  only  when  an  acidic  group  of 
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Fig . 1. Permeabi 1 ization  of  lipid  vesicles  by  tetanus  toxin.  A: 
278  nM  TeTx  was  added  to  PS  vesicles  at  different  pH.  The 
fluorescence  (excitation  at  494  nm  and  emission  at  520  nm) 
increases  after  toxin  addition  as  the  dve  is  released  by  the 
vesicles.  iOO  '/.  release  was  obtained  bv  the  addition  of  0.5  mH 
Triton  X-100.  Bt  pH  dependence  of  the  fast  time  constant 
measured  as  in  part  A.  Different  symbols  are  for  different 
lipids  as  indicated  on  the  figure.  Theuretical  lines  are  best 
fit  according  to  the  model  described  in  (4), 


the  protein  with  pK  3.4  is  neutralized  by  one  proton  at  the 
surface  of  the  vesicle.  Since  the  toxin  equilibrates  with  the 
local  pH,  the  fastening  effects  of  acidic  lipids  is  explained 
merely  by  the  creation  of  a  negative  surface  potential  which 
attracts  protons  locally.  This  is  confirmed  by  the  slowing 
effects  of  high  Na-*-  concentration  which  reduces  the  surface 
charge  by  screening.  There  are  still  small  differences  between 
the  lipids  tried  which  indicate  the  following  order  of 
sensitiyity  to  the  action  of  the  toxinj  PI  >  PS  >  PC.  The 
actiyation  energy  for  the  two  time  constants  is  19,8  and  14.8 
Kcal/mole,  fast  and  slow  component  respectively,  i.e.  slightly 
larger  than  that  for  pure  diffusion  through  the  bilayer.  The 
permeabi 1 i zation  effect  is  voltage  dependent  in  the  sense  that 
vesicles  bearing  an  inner  negative  potential  are  depolarized 
very  quickly  while  those  bearing  an  inner  positive  voltage  are 
barely  depolarized  at  all.  Both  D-fragment  and  toxoid  were 
much  less  active  than  whole  TeTx. 
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Some  properties  of  the  chains  and  fragments  of  two-chain 
toxin  (1,  2)  have  been  studied  and  compared  with  those  of 
genuine  and  reconstituted  toxin.  With  respect  to  general  to¬ 
xicity  ,  reconstituted  two-chain  toxin  differed  only  margi¬ 
nally  from  genuine  toxin  (LDso ,  mice,  s.c.  about  2  ng/kg) . 
Toxicity  of  light  (LC)  and  heavy  (HO  chain,  and  of  the 
fragments  6*  (F02 )  and  C  (FC)  was  minor  and  probably  due  to 
traces  of  toxin.  Fragment  B  (FB)  in  the  mg/kg  range  produced 
the  typical  (3)  run-down  syndrome. 

Binding  on  rat  brain  membranes  was  assessed  in  buffers  of 
low  and  high  ionic  strength  by  competition  with  radiolabel- 
led  genuine  two-chain  toxin.  Differences  between  genuine  and 
reconstituted  toxin  were  absent.  On  a  molar  basis,  FC  did 
not  differ  from  two-chain  toxin  in  hypotonic  buffer  but 
displayed  very  low  affinity  in  isotonic  buffer.  HC  behaved 
like  FC  in  hypotonic  buffer  and  was  about  100  times  less 
potent  than  toxin  in  isotonic  buffer.  LC  failed  to  compete 
with  radiolabelled  toxin  or  with  radiolabelled  LC  in  either 
buffer . 

Inhibition  of  Hi -noradrenaline  release  was  assessed  on 
preloaded  particulate  rat  brain  (1).  Again,  genuine  and  re¬ 
constituted  toxin  were  approximately  equipotent  whereas  FB, 
FC  and  LC  were  completely  inactive.  HC  inhibited  the  release 
about  100  times  less  than  toxin.  HC  also  decreased,  in  con¬ 
trast  to  toxin,  LC,  FB  and  FC,  the  (*H]  noradrenaline  con¬ 
tent  of  particulate  brain  in  a  manner  sensitive  to  FC . 

To  abolish  the  barrier  function  of  the  cell  membrane,  bq:;: 
vine  adrenomedullarv  cells  were  preloaded  with  [’H]  norad¬ 
renaline,  permeabilized  with  streptolysin  0,  exposed  to  the 
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agents  to  be  tested  and  stimulated  with  Ca^*.  Toxin,  in 
particular  if  reduced,  inhibited  the  release.  HC  was  inac¬ 
tive  whereas  LC  mimicked  the  toxin  effects  (4). 

On  the  buccal  oanalion  of  Aolvsia  californica  toxin,  its 
chains  and  fragments  were  applied  either  extracellularly  or 
intracellularly  to  cholinergic  cells.  Before  and  in  the 
course  of  poisoning  individual  cells  were  stimulated  elec¬ 
trically  and  the  evoked  potentials  were  recorded  from  a 
pertinent  postsynaptic  cell.  When  applied  extracellularly, 
toxin  as  well  as  FB,  but  neither  F3a ,  HC  or  LC  inhibited 
acetylcholine  release.  Toxin,  LC  and  FB  but  not  HC  did  so 
upon  intracellular  injection  (5). 

Thus  the  toxin  action  on  permeabilized  and  injected  cells 
can  be  mimicked  by  its  LC.  HC  or  its  N- terminal  32 "fragment 
is  apparently  necessary  for  internalization  of  LC  into  Aply- 
sia  neurones.  The  complete  HC  is  required,  together  with  LC, 
to  elicit  full  toxicity,  binding  in  isotonic  buffer  and 
inhibition  of  neurotransmitter  release  in  the  murine  systems 
used. 


Table:  Pharmacology  of  the  chains  and  fragments  -  a  synopsis 


Toxi-  Binding 
city  ‘  ) 

(ng/kg) 

Inhibition 

of  neurotransmitter 

release 

in 

rat  brain 

bovine  cells  after 
oermeabilization 

Injected 

Aolvsia 

Toxin  2 

+++ 

+++ 

+2  > 

LC 

ss  10000 

0 

0 

+++ 

+++ 

HC 

s  10000 

+ 

+ 

0 

0 

FC 

s  10000 

(  +  ) 

0 

n.t. 

n.t. 

FB 

>  1C» 

(  +  ) 

0 

0*  » 

+++ 

‘  ) 

in  isotonic 

buffer 

*)  +++  when  reduced,  n.t.  =  not  tested 
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The  Chains  of  Tetanus  Toxin  and  its  Fragment  B  -  Preparation  and 
some  Biochemicai  Properties 
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INTRODUCTION 

Tetanus  toxin  is  synthesized  as  a  single-chain  intracellular  polypeptide  which  is  con¬ 
verted  into  two-chain  toxins  by  numerous  proteases.  Limited  proteolysis  leads  to  a  2-20 
fold  activation  (4),  depending  on  the  assay  system.  We  now  communicate  simple,  reliable, 
non-denaturating  techniques  for  separating  the  chains  of  toxin  and  fragment  B  (S).  The 
polypeptides  obtained  allow  studies  on  the  interaction  between  the  individual  chains  and 
their  contribution  to  the  pharmacological  action  of  the  toxin. 

MATERIALS  AND  METHODS 

Single- chain  and  two-chain  toxins  (LDjo  in.mice4-S  and  2  ng/kg,  resp.)  were  isolated 
from  cells  or  culturefluids  of  Cl.  tetani  (4).  fragments  B  and  C  were  obtained  using  a 
modified  protocol  from  a  papain  digest  of  single  chain  toxin  (3,5). 

Two-chain  toxins  and  fragment  B  were  separated  into  their  constituent  chains  by  iso¬ 
electric  focussing.  A  Vesterberg-Svensson  column  (Pharmacia-LKB)  was  loaded  with 
cathode  solution  (0.24M  NaOH,  2M  urea  and  l.SM  sucrose).  Then  a  linear  sucrose  gradient 
was  formed.  Its  heavy  solution  (SOmi)  consisted  of  1.9ml  ampholyte  (equal  volumes  of 
Servalyte^  pH  3-6  and  pH  6-8),  2M  urea,  1.45M  sucrose  and  50mM  dithiothreitol.  The 
light  solution  (SOml)  contained  tenfold  less  sucrose  but  was  otherwise  identical.  The 
two-chain  toxin  or  fragment  B  (l0-20mg  in  0.5  to  3  ml  in  buffered  saline)  were  dialyzed 
against  glycine  (1%,  pH  6)  for  3h  at  4°C.  mixed  with  the  same  volume  of  heavy  solution 
and  200|il  ampholyte,  and  introduced  after  about  50X  of  the  gradient  volume  had  entered 
the  column.  Finally,  the  sucrose  gradient  was  completed  and  followed  by  the  anodal 
solution  (20ml  2M  urea  with  400|il  of  phosphoric  acid).  After  about  16h  of  focussing  (max. 
2000V,  15W  at  4°C)the  contents  of  the  column  was  withdrawn  in  2 ml  fractions  using  a 
roller  pump.  To  obtain  light  chain  (LC)  of  increased  purity  (LDsq  above  lOOpg/kg)  the 
polarity  of  the  column  may  be  reversed,  so  that  this  chain  is  eluted  first. 

RESULTS  AND  DISCUSSION 

Toxin,  fragment  B  and  their  constituent  chains  differ  by  their  pi's  (toxin  6.0,  heavy 
chain  (HC)  7.2,  LC  4.8;  fragment  B  5.6,  fragment  B2  (the  N-terminal  moiety  of  HC)  7.1 
and  6.8).  In  the  presence  of  urea  and  dithiothreitol  chain  separation  proceeds  (see  Fig.l) 
with  a  yield  of  about  60-80X,  high  purity  and  low  residual  toxicity.  LD50  in  mice  was 
1-3x10’ ng/kg  for  HC  and  3-4x10^  ng/kg  for  LC. 
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FIG.l:  Genuine  two-chain  toxin  (ZOmg)  from  bacterial  culture  nitrate  (BE)  was  separated 
into  HC  and  LC  by  isolelectric  focussing.  A  small  amount  of  starting  material  remained 
undissociated(^).  The  left  ordinate  gives  the  fluorescence  (28Snm/3S0nm)  intensity  of 
the  tryptophan(trp)  residues.  The  pH  values  of  the  fractions  (abscissa)  are  indicated  by 
the  right  ordinate  ( — ).  Note  that  HC  contains  10  trp  residues/molecule  but  the  LC  only  1 
(1,2).  Reconstituted  two-chain  toxin  corresponding  to  3mg  protein  was  focussed  without 
dithiothreitol  (9 ). 

Reconstitution  of  the  toxin  was  achieved  by  mixing  equimolar  amounts  of  the  chains  and 
dialyzing  them  under  air  against  isotonic  buffers  (pH  7-8).  Under  these  conditions  the 
disulfide  bridge  was  re-formed  and  toxicity  was  recovered  (LD50  3-7ng/kg)  almost 
quantitatively.  This  indicates  that  damage  to  the  chains  due  to  the  separation  procedure  is 
minor.  By  the  same  technique  Fragment  B  was  reconstituted  from  light  chain  and  B2 
fragment  of  HC,  whereas  no  association  occurred  between  32  and  purified  fragment  C.  This 
indicates  that  LC  and  82  are  counterparts  in  the  tertiary  structure  of  the  toxin  molecule. 
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The  nucleotide  sequence  of  the  gene  encoding  for  tetanus  toxin  has  been  recently  published  (l) . 
We  have  computer  searched  the  deduced  primary  structure  with  the  aim  of  finding  regions  of 
homology  with  domains  already  known  to  be  associated  with  specific  functions  in  other  proteins. 

As  an  example  of  this  approach  we  report  the  existence  of  transglutamination  sites  in  the  toxin 
molecule,  as  suggested  by  sequence  analysis  and  confirmed  by  experimental  tests. 


Experimental  methods 

Computer  analysis  was  carried  out  with  the  4.1  release  of  GENEPRO  Software  Package,  and  by 
using  the  PIR  Sequences  Data  Bank  running  on  an  IBM  AT  computer.  Homology  search  was  enhanced 
by  the  implementation  of  a  BASIC  routine  able  to  search  homologous  domains  also  by  referring  to 
known  chemical-physical  aminoacidic  similarities  (3).  For  the  biochemical  approach,  tetanus  toxin, 
purified  from  a  toxigenic  non-sporulating  strain  of  Clostridium  Tetani.  was  incubated  with  Guinea  pig 
liver  transglutaminase.  The  reaction  was  carried  out  in  the  presence  of  '•‘*0  spermidine  (  S.A.  » 
1  lOmCi/mmole ),  3mM  CaCl2. 100  mM  Tris  HCI  pH  8.0  and  2mM  DTT.  Incorporation  was  measured  after 
incubation  at  37  ®C  followed  by  10%  TCA  precipitation  and  liquid  scintillation  count. 


A  computer  assisted  examination  of  the  toxin  primary  structure  indicated  the  presence  of  two 
sequences,  the  first  one  in  the  light  chain  and  the  second  one  in  the  heavy  chain  that  showed  good 
structural  homology  with  specific  domains  in  proteins  previously  known  to  possess  transglutaminase 
substrate  features,  such  as  |J-Casein  and  P-Bp  Crystallin  (2)(3)(lig.  1). 
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Fig.l  Alignment  of  putative 
transglutamination  sites  of  tetanus 
toxin  with  known  transglutaminase 
substrates  (4).  The  numbers  on  the 
right  side  indicate  the  position  of 
the  reactive  glutamine. 


Tetanus  toxin  was  thus  tested  as  a  substrate  of  transglutaminase  (fig.  2)  by  evaluating  the 
incorporation  of  labeled  spermidine  in  the  presence  of  Guinea  pig  liver  transglutaminase.  The 
kinetic  features  of  the  reaction  were  studied  by  varying  the  concentrations  of  spermidine  and  tetanus 
toxin.  The  apparent  Km  for  spermidine  was  about  5  pM,  in  good  accord  with  literature  data.  The  Vmax 
was  0.1  nrrkDl  spermidine/min/mg  enzyme  (fig.  2A),  at  a  toxin  concentration  of  1  pM.  (  Reaction  volume 
was  80  pi ).  SDS  PAGE  analysis  of  tetanus  toxin  after  transglutamination  showed  formation  of  high 
molecular  weight  aggregates  suggesting  the  possibility  of  cross  linking,  probably  as  a  result  of 
transglutamination,  between  light  and/or  heavy  chains  of  tetanus  toxin.  Interestingly  ,  preincubation 
of  tetanus  toxin  in  the  presence  of  micellar  gangliosides,  previously  suggested  to  be  membrane 
receptors  for  tetanus  toxin  (5),  showed  a  higher  than  80%  inhibition  of  the  incorporation  of 
spermidine,  whereas  dimethyteasein,  a  very  powerful  substrate  for  transglutamination,  when 
preincubated  in  the  same  way,  did  not  show  a  significant  decrease  of  incorporation  (tig.  3). 
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Discussion 

Transglutamination  is  a  common  intracellular  reaction  that  has  been  implicated  in  the  process  of 
endocytosis  and  vesicular  membrane  traffic  (6).  The  present  results  suggest  that  tetanus  toxin  might 
be  modified  by  cellular  transglutaminases  during  the  process  of  intoxication,  since  it  is  known  that  the 
toxin  must  be  internalized  and  probably  modified  by  the  target  cells  to  become  active.  Thus,  there  is  a 
possibility  that  the  activation  step  might  involve  transglutamination.  With  regard  to  this  hypothesis,  it  is 
interesting  to  note  that  one  of  the  si'es  identified  by  us  is  adjacent  to  the  putative  NAD  binding  region 
suggested  by  Montecucco  (7).  We  plan  to  test  whether  transglutamination  might  lead  to  expression 
of  an  ADP  ribosylating  activity  by  the  toxin.  GangBosides  are  known  to  be  part  of  the  receptor  for 
tetanus  toxin  and  to  induce  changes  in  its  secondary  structure  (5).  Their  inhibitory  effect  on  toxin 
transglutamination  indicates  a  marked  dependence  of  this  reaction  on  the  conformation  of  the  toxin 
substrate,  and  is  in  line  with  the  hypothesis  of  a  functional  role  for  the  transglutamination  sites . 
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Fig.  2  Incorporation  of  spermidine  in  tetanus 
toxin.  A.  Time  course  of  the  reaction.  The  toxin 
concentration  was  1  pM .  Inset:  dependence  on 
spermidine  concentration  after  a  2  hours 
incubation.  B.  Dependence  on  toxin 
concentration  after  a  2  hours  incubation. 

Values  are  means  ±  SD  (n=5) 

Fig.  3  -  Inhibitory  effect  of  micellar 
pngliosides  (CMC=10"5  M)  on  spermidine 
incorporation  in  tetanus  toxin  and 
dimethylcasein  after  a  2  hours  incubation. 
Experimental  conditions  were  as  in  fig.  2. 
Bars  are  means  ±SD  (n=  7). 
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ABSTRACT 

The  interaction  of  botulinun  neurotoxin  IBoNT)  serotvpes  A.  B  and  E 
with  eeabranes  of  different  lipid  coepositions  was  examined  bv 
photolabel linq  with  two  photoreactive  phospholipid  analoques  that  monitor 
the  polar  reqion  and  the  hvdrophobic  core  of  lipid  bilaver  respectively. 

At  neutral  pH  the  neurotoxins  interact  both  with  the  polar  head  arouos 
and  with  fattv  acid  chains  of  phospholipids.  At  acidic  pHs  the  botulinum 
neurotoxins  appear  to  underao  a  structural  chanqe  characterized  bv  a  more 
extensive  interaction  with  lipids.  Both  the  heaw  and  liqht  chain  subunits 
of  the  neurotoxins  are  involved  in  the  process.  The  low  pH  acouired 
hvdrophobic i tv  of  BoNT  falls  in  a  pH  ranoe  overlappino  that  found  in 
endosomes . 

KEYWOflOS 

Botulinum  neurotoxins.  protein*lipid  interactions. 

INTRODUCTION 

Botulinum  neurotoxins  (BoNT)  block  acetvlcholine  release  at  the 
neuromuscular  junction  thereby  causino  a  flaccid  paralisvs.  There  are  seven 
BoNT  serotvpes  with  similar  macrostructure  and  mechanism  of  action,  but 
with  different  iomunolooical .  biochemical  and  neuropatholoqical  prooerties. 
The  three  NT  serotvpe  most  frequently  associated  with  human  botulism  are:  A 
(BoNT'A).  B  (BoNT-B)  and  E  (BoNT-E). 

BoNTs  are  synthesized  as  a  sinqle  chain  (150  kDa)  and  are  nicked  bv 
proteolytic  cleavaqe  that  ocnerates  a  heavy  chain  (H.  100  kDa)  and  a  lioht 
chain  (L.  50  kDa):  the  fraqments  remain  held  toqether  by  interchain 

disulphide  bridqe(s)  and  not-covalent  forces. 

The  cellular  mechanism  of  action  is  unknown,  but  experimental  work  and 
a  supposed  similarity  with  diphtheria  -toxin  suqoest  that  the  cell 
intoxication  by  BONT  proceeds  in  three  main  steps:  (a)  bindino.  (b) 
internalization,  (c)  block  of  neurotransmitter  release.  Bindino  appears  to 
be  followed  by  a  receptor-mediated  endocvtosis  that  brinos  the  NT  into 
closed  vescicles.  The  effect  of  lysosomotropic  substances  and  the  ability 
of  Bo.NT  to  form  ion-conduct ino  channels  at  low  pH  promoted  the  idea  of  a 
low-pH-driven  escape  of  the  NT  from  an  endosomal  compartment,  similar  to 
that  found  with  diphtheria  toxin.  This  process  can  be  verv  conveniently 
monitored  bv  membrane  photolabel  lino  with  two  photoactive  phospholipid 
analoques . 

RESULTS  AND  DISCUSSION 

At  neutral  pH  BoNTs  interact  with  asolectin  liposomes  at  superficial 
and  deeper  level  and  both  the  heaw  and  lioht  chains  are  involved  in  the 
lipid  interaction.  At  pH  4.5  both  chains  of  the  BoNTs  are  much  more 
extensively  labelled  bv  both  the  surface  and  deeper  probes.  The  presence  of 
polvsialooanqliosides  in  the  asolectin  liposomes  causes  an  increase  in  the 
amount  of  radioactivity  bound  to  heaw  chain. 
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The  pH-dependence  of  label  lino  with  PC  I  and  PC  II  dispersed  in 
asolectin  vesicles  shows  a  laroe  increase  of  radioactivity  incnrnorated 
into  H  and  L  chains  at  low  pH.  This  increase  in  the  fraoments  interaction 
with  phospholipids  at  the  surface  and  deeper  level  suooest  that  the  BoNTs 
at  acidic  pHs  underqo  a  structural  chanoe,  with  the  exposure  to 
phospholipids  of  previously  hidden  hvdrophobic  surface.  Within  this 
general  feature,  the  BoNTs  tested  here  differ  noticeably:  BoNT-B  shows  a 
larger  hvdrophobic  interaction  than  BoNT-A  and  BoNT-E  expeciallv  at  the 
level  of  glvcerol  noietv. 

The  PC  I /PC  II  ratio  of  labelling.  Measured  as  the  ’H/*'*C  ratio  of 
toxin-bound  radioactivity  after  illunination  with  respect  to  the  starting 
ratio  present  in  liposomes,  changes  with  pH.  The  most  likelv  explanation  is 
that  NTs  expose  aminoacid  residues  of  different  reactivity  at  the  two 
levels  monitored  by  PC  I  and  PC  II  when  pH  is  lowered.  These  findings  also 
indicate  that  the  increased  labelling  of  BoNT  at  acidic  pHs  is  related  to  a 
conformational  change  of  the  NT.  characterized  bv  a  more  extensive 
hvdrophobic  interaction  with  phospholipids,  rather  than  in  a  larger  number 
of  toxin  molecules  interacting  with  lipids. 

Membrane  photolabelling  was  also  used  here  to  characterize  the 
interaction  with  membranes  of  the  isolated  carboxvmethvlated  chains  of 
BoNT-A.  Both  the  H  and  L  chains  show  a  higher  level  of  photolabelling  with 
respect  to  the  labelling  of  the  same  chains  in  the  native  toxin  both  at  pH 
7.5  and  pH  4.0.  The  reconstitution  of  H  and  L  subunits  cause  a  decrease  of 
the  labelling  and  a  reappearance  of  the  pH  dependence  of  the  interaction 
with  the  membrane.  These  findings  suggest  that  both  fragments  in  the 
isolated  form  expose  some  hvdrophobic  patches  hidden  in  the  native  and 
reconstituted  toxins  and  probably  involved  in  protein-protein  interactions. 

The  distribution  of  radioactivity  along  the  BoNT*A  chains  as 
determined  after  pepsin  cleavage  and  separation  of  B  and  C  fragment,  shows 
a  high  level,  of  labelling  of  fragment  C  compared  with  the  total  amount  of 
radioactivity  associated  with  whole  molecule  in  the  same  conditions. 
Moreover  C  fragment  presents  a  clear  pH  dependence  of  the  interaction  with 
lipids  and  a  change  in  the  PC  1/  PC  11  ratio  of  labelling  at  low  pH.  These 
results  suggest  that  fragment  C  at  low  pH  undergoes  a  structural  change 
with  exposure  to  phospholipids  of  hvdrophobic  surface.  The  comparison  of 
the  radioactivity  bound  to  fragment  C  and  whole  toxin  at  acidic  pH 
indicates  that  the  carboxy- terminus  of  heavy  chain  may  be  involved  in  the 
insertion  of  the  toxin  into  the  membrane. 
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INTRODUCTION 

Clostridium  novyi  (Cl. novyi)  is  classified  into  four  types 
designated  A,  B,  C  and  D,  according  to  the  respective  so¬ 
luble  antigens.  Types  A  and  B  only  synthesize  the  lethal  a- 
toxin  (1.).  The  actions  of  apparently  homogeneous  a-toxin 
from  C. novyi  type  A  (5)  were  studied  in  order  to  develop  an 
in  vitro  system  which  closely  mimicks  the  in  vivo  effects, 
and  to  search  for  the  mode  of  poisoning  (2). 


RESULTS  AND  DISCUSSION 

Time  to  death  (i.v.  injection,  mice)  was  inversely  related 
to  dose  with  a  detection  limit  of  about  200  ng/kg  at  100 
hours.  Injections  of  2.5  ng  and  more  into  the  rat  paw  led  to 
a  slowly  (maximum  after  about  30  hours)  developing,  dose- 
dependent  edema  which  was  useful  as  a  quantitative  in  vivo 
assay  based  on  volumetry  (6) .  Vascular  leakage  was  due  to 
gap  formation  between  endothelial  cells  as  demonstrated  by 
the  Evans  blue  test  (4)  and  by  vascular  labelling  with 
carbon  ink  (3) . 

Similarly  endothelial  cells  cultured  from  pig  pulmonary 
artery  lost  their  "cobble-stone"  arrangement,  retracted  and 
finally  became  round  after  a  dose-dependent  lag  period  of 
some  hours  after  poisoning.  The  morphological  changes  were 
accompanied  by  depression  of  uptake  or  incorporation  of 
t*H]uridine.  A  quantitative  in  vitro  assay  was  established 
on  the  inhibition  of  [^Hjuridine  incorporation.  Like  in 
animals,  the  action  of  a-toxin  started  with  a  few  ng/ml  and 
proceeded  slowly  for  at  least  one  day.  It  became  resistant 
to  antitoxin  within  two  hours  exposure.  The  toxin  action  is 
not  limited  to  endothelial  celJs  since  chicken  embryonic 
cells,  L-929  (a  mouse  fibroblast  line),  T-84  cells  (an 
epithelial  cell  line) ,  FaO-cells  (a  hepatoma  cell  line)  and 
a  rat  phaeochromocytoma  line  (PC-12)  behaved  similarly,  but 
with  differing  sensitivities. 
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a-Toxin  was  found  to  differ  from  other  bacterial  toxins 
investigated  whose  mode  of  action  is  alreadr  known.  Unlike 
botulinum  C*  toxin  it  was  no  ADP-ribosyltransferase .  Unlixe 
clostridial  neurotoxins  it  did  not  inhibit  noradrenaline 
release.  Unlike  diphtheria  toxin  it  failed  to  inuibit 
protein  synthesis  in  a  cell  free  system.  Early  membrane 
damage  was  apparently  not  involved.  Search  for  broad 
spectrum  proteolytic  activity  was  negative.  Thus  a-toxin 
differs  basically  from  bacterial  cytolysins. 

One  of  the  earliest  sequelae  of  poisoning  observed  in  endo¬ 
thelial  cells  was  the  disintegration  of  the  7-actin  fibers 
in  the  cell  periphery,  called  dense  peripheral  band  (OPB). 
Depending  on  dose  and  time  the  remnants  of  the  DPB  were 
shifted  centripetally  (2  gg/ml  o-toxin:  40  minutes;  20 
ng/ml:  5  hours)  and  disappeared  after  2  hours  exposure  to  2 
yg/ml.  Within  12  hours  incubation  with  2  |ig/ml ,  F-actin 
condensed  around  the  nucleus  and  concentrated  in  perinuclear 
caps.  Even  at  this  stage  cell  rounding  was  not  yet  complete, 
as  processes  containing  very  little  F-actin  were  still  vi¬ 
sible.  The  unknown  target  of  the  toxin  action  appears  to  be 
linked  to  the  cytoskeleton.  Final  proof  for  internalisation 
is  lacking  so  far,  and  specific  binding  in  isotonic  buffer 
is  still  to  be  shown  (5). 
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INTRODUCTION 

Clostridium  novyi  is  classified  into  four  types  (A-D!  based  on  the  synthesis  of  different 
soluble  antigens  (4).  C.  novyi  type  A  causes  malignant  edema  and  death  by  action  of  alpha 
toxin  (3).  Endothelial  and  chicken  embryonic  cells  lose  their  arrangement  when  poisoned  in 
vitro.  The  morphological  changes  are  accompanied  by  depression  of  uptake  and  incorporation 
of  C^H]  uridine  (1  ). 

METHODS 

C.  novyi  type  A  ( strain  ATCC  19402 )  was  cultured  anaerobically  3  days  at  37°C  in  0.4-liter 
portions  of  TYG  medium  ( 32  trypticase,  2X  yeast  extract,  0.4Z  glucose,  pH  7.8,  supplemen¬ 
ted  with  0.5ml/100ml  202  cysteiniumchloride.  pH  7.4,  after  sterilisation  ).  Cultures  were 
pooleo,  clarified  by  centrifugation,  and  the  toxin  was  precipitated  with  (NH4)2  SO4  (402 
saturation,  buffered  with  Na2HP04  to  pH  7.2)  for  3h  at  4®C.  The  precipitate  was  redissol¬ 
ved,  dialyzed  against  10 mM  Na- phosphate,  pH  7.8  and  applied  to  a  DEAE  cellulose  column. 
Bound  alpha -toxin  was  eluted  with  a  NaCI  gradient  (0-140mM,  400  ml)  at  about  80  mM. 
Minor  impurities  were  removed  by  gelfiltration  on  Sephacryl  S  300  column  (LDso"  200  ng/ 
kg  ).  Alpha-toxin  was  iodinated  with  Bolton  Hunter  rea^^nt-  Binding  properties  were  evaluated 
as  described  (5)  in  hypotonic  (50mM  TRIS  acetate,  pH  6.0  )  and  isotonic  buffer  (  SOmM 
TfilS  HCL,  pH  7.4,  ISOmM  NaCI)  with  membranes  (2.5pg/ml  for  hypotonic,  150pg/ml  for 
isotonic  buffer)  isolated  from  cultured  chicken  embryonic  cells. 

RESULTS  AND  DISCUSSION 

Recovery  from  the  ammonium  sulfate  precipitate  after  DEAE  ion-exchange  chromatography 
and  gelfiltration  was  between  10  and  20  2  with  respect  to  alpha-toxin.  A  purification  step  on 
CM-Sephadex  ( 2  )  could  be  emitted. 


Purification  step 

Total  protein  Recovery  Lethal  activity 
(mg)  (2 of  protein)  (LDso/mg) 

Purification 
( fold ) 

Ammonium  sulfate 

precipitate 

105 

100 

3.9x10* 

1 

DEAE (OE52) 

27 

25 

I.IxIoS 

2.8 

S300 

6 

5.7 

I.SxIoS 

4.1 
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Under  non-reducing  conditions  SOS  -  PAGE  revealed  a  faster  main  band  ( MW  200  kO  ) 
followed  by  a  multiple  number  of  weaker  ones  in  the  molecular  range  of  more  than  200  kO. 
Reduced  alpha-toxin  formed  a  single  band,  indicating  homogeneity  and  an  apparent  MW  of 
200  kO,  as  well  as  the  absence  of  disulfide -linked  chains.  Toxin  was  stable  at  least  for  10 
months  at  -70°C .  lodination  with  the  Bolton  Hunter  technique  yields  specific  radioactivity  of 
6.6-8.8pCi/pg.  20-50%  of  biological  activity  was  last,  whereas  nearly  100%  was  losi  when 
the  lodoGen  technique  was  applied,  probally  due  to  oxidation.  Binding  experiments  in  hypotonic 
buffer  gave  evidence  for  a  single  binding  site  with  a  Kq  of  12-20nM  and  a  B|^ax  1-2-1. 5 
pmoles/mg  as  estimated  from  competition  experiments  by  LIGAND  analysis.  Binding  experi¬ 
ments  in  isotonic  buffer  were  negative,  even  when  membrane  concentration  was  increased 
up  to  150pg/ml.  Therefore  it  is  questionable,  if  the  results  in  hypotonic  buffer  reflect  the 
physiological  binding  properties  in  vivo  or  in  cell  culture. 


Figure.  Gelfiltration  of  alpha -toxin  (6mg)  on  a  S  300  columr^  (2.5x90cm)  after  DEAE  ion 
exchange  chromatography  and  concentration.  The  buffer  was  50 mM  Na-phosphate,  150mM 
NaCI,  pH  7.4,  flow  was  14ml/h.  The  major  peak  represents  alpha- toxin.  The  fractions  indi¬ 
cated  by  the  bar  were  pooled  and  stored  frozen  at.-70°C. 
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ABSTRACT 

A  monoclonal  antibody  (1A2)  that  inhibits  binding  of  radiolabeled  diphtheria  toxin  (DT) 
to  Veto  cells  and  protects  Vero  cells  from  the  inhibition  of  protein  synthesis  mediated  by 
DT  was  used  to  immunoprecipitate  a  DT  binding  protein  from  biosynthetically  bbcled 
Vero  cells.  SDS-PAGE  of  the  immunoprecipitates  under  reducing  conditions  followed  by 
autoradiography  revealed  a  band  corresponding  to  23  kDa.  Preincubation  with  DT  prior 
to  immunoprecipitation  caused  a  decrease  in  the  precipitation  of  the  23-kDa  band.  The 
decrease  ("down  regulation")  in  radiolabeled  DT  binding  seen  after  incubation  of  Vero 
cells  with  CRM  197  was  not  associated  with  a  decrease  in  the  labeling  of  the  23-kDa 
protein. 


INTRODUCTION 

DT  binding  to  receptors  on  the  plasma  membrane  of  target  cells  is  thought  to  be  the  first 
step  in  expression  of  the  biological  activity  of  this  inhibitor  of  protein  synthesis  (2, 4).  A 
polypeptide  that  specifically  binds  DT  has  been  identified  as  a  150-kDa  membrane 
component  in  guinea  pig  lymph  node  cells  (5).  Subsequent  studies  with  primate  cell  lines 
demonstrated  a  DT  binding  protein  with  a  molecular  weight  of  10.000-20,000(1). 
However,  funher  progress  in  characterization  and  initiation  of  purification  efforts  has 
been  limited  by  the  lack  of  availability  of  a  highly  specific  tool  for  separating  the  DT 
receptor  from  other  components  of  cellular  membranes.  We  have  produced  and 
characterized  monocloni  antibodies  against  Vero  cells  that  protect  the  cells  from  the  toxin 
(6)  and  used  one  of  these  monoclonal  antibodies  to  develop  immunoaffinity  techniques 
for  identifying  the  DT  receptor. 


MATERIALS  AND  METHODS 

A  detailed  description  of  the  preparation  of  radiolabeled  DT  and  the  toxin  receptor  binding 
assay  has  appeared  previously  (3).  Production,  purification,  and  characterization  of 


188  •  B.J.  Rdnnberg,  J.L.  Middlebrook 


monoclonal  antibodies  against  Vero  cells  that  protect  from  DT  have  been  recently 
described  (6).  Vero  cell  monolayers  were  labeled  with  [^^SJmethionine  and  solubilized  in 
NP-40.  Cell  lysates  were  incubated  with  monoclonal  antib^y  1 A2  and 
immunoprecipitation  was  then  effected  by  addition  of  goat  anti-mouse  IgG  conjugated  to 
Protein  A-Sepharose  CL-4B.  In  some  experiments  incubation  with  monoclonal  antibody 
1A2  was  preceded  by  incubation  of  cell  lysates  with  an  excess  of  unlabeled  DT.  The 
immunoprecipitates  were  analyzed  by  SDS-PAGE  and  autoradiography.  During 
down  regulation  of  DT  receptors,  Vero  cells  were  incubated  with  CRM  197  for  22  h  at 
37°C,  then  labeled  with  [^^Sjmethionine  in  the  presence  of  CRM  197.  After  biosynthetic 
labeling,  cells  were  solubilized  and  further  processed  as  described  above.  CRM  197  was 
the  generous  gift  of  Rino  Rappuoli,  Sclavo  Research  Center,  Siena,  Italy. 


RESULTS  AND  DISCUSSION 

A  DT  binding  protein  has  been  isolated  by  solubilizing  membranes  from  biosynthetically 
labeled  Vero  cells  and  immunoprecipitating  the  DT  binding  protein  with  a  monoclonal 
antibody.  This  antibody  inhibits  binding  of  radiolabeled  DT  to  Vero  cells  and  protects 
Vero  cells  from  the  inhibition  of  protein  synthesis  induced  by  the  toxin  (6).  Analysis  of 
the  immunoprecipitates  on  SDS-PAGE  followed  by  autoradiography  revealed  the 
presence  of  a  band  that  migrated  as  a  23-kDa  protein.  Preincubation  of  labeled  solubilized 
membrane  preparations  with  the  toxin  prior  to  immunoprecipitation  caused  a  decrease  in 
tile  precipitation  of  the  23-kDa  band.  TTie  decrease  ("down  regulation")  in  radiolabeled 
DT  binding  seen  after  incubation  of  Vero  cells  with  CRM  197  was  not  associated  with  a 
decrease  in  the  labeling  of  the  23-kDa  band.  These  and  other  results  (6)  suggest  that  the 
23-kDa  protein  is  the  DT  receptor  (or  a  component  thereoO,  and  that  our  monoclonal 
antibody  offers  a  powerful  tool  to  study  its  structure,  biosynthesis,  and  processing. 
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Until  now,  the  study  of  the  secondary  structure  of 
diphtheria  toxin  (OT)  in  the  presence  of  phospholipid 
vesicles  as  a  function  of  the  pH  has  been  prevented  by  the 
optical  turbidity  of  the  solution.  This  problem  has  been 
overcome  by  the  use  of  infrared  attenuated  total  reflection 
spectroscopy,  to  study  the  structure  of  DT  and  its  fragments 
A,  B,  CBl  and  CB4  as  a  function  of  the  pH  in  the  absence  and 
in  the  presence  of  phospholipids  vesicles. 

Incubation  of  DT  with  asolectin  or  DPPC-DPPA  liposomes  at  pH 
7.3  results  in  the  binding  of  DT  onto  the  liposomes  and  a 
10%  Increase  in  its  alpha-helix  content.  At  pH  4,  in  the 
presence  of  liposomes,  the  secondary  structure  of  DT  is 
characterized  by  the  appearance  of  a  beta-sheet  structure 
with  strengthened  hydrogen  bonds  which  did  not  exist  before 
pH  lowering.  The  exact  nature  of  this  new  type  of  beta-sheet 
structure  which  is  called  here  low  frequency  beta-sheet  (LF 
beta  sheet)  because  of  its  stretching  (C=0)  frequency  below 
the  frequency  expected  for  the  "classical"  beta-sheet 
structure,  has  not  been  elucidated. 

DT  fragment  B  displays  little  conformational  change  upon  pH 
lowering  in  the  presence  of  liposomes.  However,  the 
conformation  of  its  cyanogen  bromide  fragments  CBl  and  CB4 
is  significantly  modified  when  studied  in  the  same 
conditions.  The  alpha-helix  content  of  CBl  increases  by  10% 
and  polarisation  measurements  indicate  that  the  average  tilt 
between  the  alfa-helices  of  CBl  at  pH  4  and  a  normal  to  the 
bilayer  plane  is  0*,  confirming  the  hypothesis  that  several 
CBl  segments  are  transmembrane  helices.  On  the  other  hand, 
the  alpha-helix  content  of  CB4  decreases  dramatically  while 
the  LF  beta-sheet  content  increases.  Dichroism  measurements 
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demonstrate  that  this  sheet  lies  close  to  a  parallel  to  the 
bilayer  surface. 

The  fragment  A  of  DT,  which  is  thought  to  be  transported 
into  the  cell  cytoplasm  with  the  help  of  fragment  B, 
experiences  a  large  conformational  change  upon  pH  lowering. 
Similarly  to  CB4,  the  LF  beta-sheet  content  increases  and 
the  al fa-helix  content  decreases.  In  the  low  pH 
conformation,  DT  fragment  A  binds  to  the  liposome  membrane 
even  in  the  absence  of  DT  fragment  B.  The  conformational 
modification  of  DT  fragment  A  is  fully  reversed  when  pH  is 
brought  back  to  7.3. 


The  abbreviations  used  are  : 

DPPC  :  DL-dipalmitoylphosphatidylcholine,  DPPA  ;  DL- 
dipalmitoylphosphatidic  acid,  DT  :  diphtheria  toxin,  DTA  ; 
fragment  A  of  diphtheria  toxin,  DTB  :  fragment  B  of 
diphtheria  toxin,  CBl,  CB4  :  cyanogen  bromide  subfragments 
1,  4  respectively  of  DTB. 
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ABSTRACT 

The  25  kD  B-fragment  derived  polypeptide  that  is  inserted  in 
the  plasma  membrane  when  cell-bound  diphtheria  toxin  is 
exposed  to  low  pH,  was  mapped.  It  was  found  to  consist  of  the 
residues  from  aminoacid  -300  to  the  C-terminal  end.  In 
addition  to  insertion  of  the  25  kD  polypeptide,  translocation 
of  diphtheria  toxin  A-fragment  was  found  to  be  dependent  on 
a  specific  A-fragment  C-terminal  sequence,  ending  at  Arg,^. 


INTRODUCTION 

When  receptor-bound  diphtheria  toxin  is  exposed  to  low  pH, 
uptake  of  the  toxin  occurs  directly  from  the  cell  surface 
(1)  .  By  using  ’^*I-labelled  nicked  diphtheria  toxin  and  a 
protease  protection  assay,  both  intact  A-fragment  and  a  part 
of  the  B-fragment  became  protected  against  externally  applied 
proteases.  The  A-fragment  has  been  shown  to  be  released  into 
the  cytosol  under  these  conditions  (2) .  Several  requirements 
for  translocation  has  been  found;  insertion  of  the  B-fragment 
into  the  membrane  (2),  a  proton  gradient  of  at  least  1  pH 
unit  (3),  reduction  of  the  interfragment  disulfide  bond  (4) 
and  anien  transport  (5) .  We  have  now  mapped  the  part  of  the 
B-fragment  that  inserts  into  the  membrane  and  characterized 
one  of  the  factors  that  limit  the  amount  of  A-fragment  that 
is  translocated  at  low  pH. 


RESULTS  AND  DISCUSSION 

The  B-fragment  derived  25  kD  polypeptide  protected  against 
proteases  after  exposure  of  receptor-bound  radioactively 
labelled  nicked  diphtheria  toxin  or  in  vitro  made  truncated 
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B-fragment  to  low  pH,  was  isolated  and  mapped  by  cleavage 
with  sequence  specific  reagents.  Both  o-iodosobenzoic  acid, 
which  cleaves  at  Trp-residues,  and  hydroxylamine  which 
cleaves  between  Asn  and  Gly,  yielded  a  peptide  pattern 
indicating  that  the  25  kD  polypeptide  spans  the  region  from 
residue  -300  to  the  C-terminal  enu.  This  region  contains  CB 
1,  a  CNBr  B-fragment  derived  peptide,  that  has  been  shown  by 
Cabiaux  et  al.  to  interact  with  lipids  at  low  pH  (6). 

Diphtheria  toxin  requires  nicking  between  A-  and  B-fragment 
to  be  toxic.  The  toxin  molecule  contains  three  sensitive 
trypsin  sites  in  that  region,  Arg,^,  Arg,,2  and  Arg,„.  When  A- 
fragment  translocation  was  induced  at  low  pH,  only  5-10  %  of 
the  bound  toxin  molecules  resulted  in  translocation.  We 
therefore  decided  to  investigate  the  role  of  nicking  site  on 
A-fragment  translocation.  A-fragments  from  total  diphtheria 
toxin  and  A-fragments  translocated  to  the  cytosol  at  low  pH 
were  isolated  and  isoelectrically  focused.  We  found  that  A- 
fragments  from  total  toxin  focused  as  four  bands,  whereas  A- 
fragments  translocated  to  the  cytosol  focused  as  one  band 
with  lowest  pi,  compared  to  the  four  bands  from  total  toxin. 
This  indicate  that  only  A-fragments  with  one  Arg  in  the  C- 
terminal  end  was  translocated.  This  was  confirmed  by 
sequencing  data.  Increasing  the  amount  of  A-fragments  cleaved 
next  to  Arg^90  treatment  of  diphtheria  toxin  with 
carboxypeptidase  B  before  binding,  also  increased  the  amount 
of  A-fragment  translocated  to  the  cytosol. 
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Diphtheria  toxin  (DT  ;  Mr  58390)  is  a  bacterial  protein  toxin  that  consists 
of  two  polypeptide  chains  linked  by  a  disulfide  bridge  :  fragment  A  (A  ; 

Mr  21150  ;  193  amino  acids),  the  N-terminal  enzymatic  part,  and  fragment 
B  (B  ;  Mr  372AO  ;  3A2  amino  acids),  the  C-terminal  part. 

B  binds  the  whole  toxin  to  specific  eukaryotic  cell  surface  receptors  as 
well  as  to  the  charged  head  groups  of  the  membrane  phospholipids.  It, 
then,  mediates,  via  acid  endosomes,  the  transmembrane  transport  of  A  into 
the  cytosol  where  A  catalytically  ADP-ribosylates  elongation  factor  2  and, 
thereby,  inhibits  protein  synthesis  of  the  cell  (6). 

We  have  recently  determined  the  complete  primary  structure  of  B  and  iden¬ 
tified,  in  its  N-terminal  and  central  regions,  several  amphiphilic  surfa¬ 
ce  and  transverse  lipid-associating  domains  that  have  been  made  responsi¬ 
ble  for  the  strong  destabilization  B  induces  at  low  oH  in  lipid  bilayers 
(1,2,4). 

Concerning  the  interaction  of  B  with  the  cell  surface  receptors  (which 
have  not  yet  been  clearly  identified),  at  the  present  time,  only  the 
C-terminal  region  of  B  is  known  to  be  involved  since  a  mutant  toxin 
(CRM45)  that  lacks  this  region  is  unable  to  bind  to  the  toxin-specific 
receptors  on  sensitive  cell  membranes. 

In  this  work, we  show  that  the  N-terminal  moiety  of  B  is  also  involved  in  the 
interaction  of  B  with  its  receptors  since  a  mixture  of  the  CNBr  peptides 
located  in  this  region  of  B  was  able  to  compete  with  diphtheria  toxin  for 
these  receptors.  As  b  is  also  able  to  compete  toxin  toxicity,  the  mixture 
was  completely  freed  from  contaminating  B  by  affinity  chromatography  on 
anti-DT  antibodies-Sepharose  4B.  The  IC5Q  of  DT  in  the  presence  of  the 
competitive  CNBr  peptide  mixture  (3xlO”6  m)  was  8x10~12Mj  compared  to 
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7xlO~^*M  in  the  presence  of  B  (10“^M)  (IC50  of  DT*«lxIO“' ^M).  A  mixture  of 
the  CNBr  peptide  of  bovine  serum  albumin,  used  as  a  control,  was  totally 
non-competitive,  whatever  the  concentration. 

On  the  other  hand,  we  have  identified,  in  the  C-terminal  region  of  A  and 
in  the  Mr  8000  C-terminal  region  of  B,  three  short  amino  acid  sequences 
144  148  494  497  505  508 

(A  ;  SER-SER-SER-VAL-GLU- ;  B  :  SER-SER-SER-GLU-  and  SER-SER-ASP-SER-)  of 

the  kinds  that  are  specifically  phosphorylated  by  protein  kinases  like 
casein  kinase  II,  enzyme  located  in  the  endosomal  membranes.  Phosphory¬ 
lation  is  likely  to  play  a  role  in  the  interaction  of  DT  with  its  recep¬ 
tors  since  compounds  that  are  known  to  induce  phosphorylation  of  proteins 
eliminate  the  binding  properties  of  the  cells  (5).  In  this  context,  it 
has  been  demonstrated  that  DT  is  a  protein  kinase  with  autophosphorylating 
activity  (3).  We  have  now  shown  that,  in  autophosphorylation  of  DT,  both 
A  and  B  are  phosphorylated,  as  well  as  DT.  However,  only  B  is  able  to 
bind  ATP  :  when  nicked  and  reduced  DT  is  affinity-chromatographed  on  ATP- 
sepharose  in  20  mM  Tris-HCl  pH  7.4,  2  mM  dithiothreitol ,  B  is  retained 
while  A  is  eluted  ;  B  is  eluted  with  20  mM  Tris-HCl  pH  7.4,  0.5  M  NaCl. 
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INTRODUCTION 

Diphtheria  toxin  (DT)  is  secreted  from  Corynebacterium  diph¬ 
therias  as  a  polypeptide  chain  of  58  kD,  which  is  nicked  by 
proteases  into  two  disulf rde-linked  fragments,  termed  A  and  B. 
At  low  pH,  the  A-fragment  is  translocated  into  the  cytosol, 
where  it  inhibits  protein  synthesis.  The  mechanism  by  which 
the  B-fragment  inserts  into  membranes  to  facilitate  the 
translocation  of  the  A-fragment  is  subject  to  investigation. 


MATERIALS  AND  METHODS 

Deletion  mutants  were  constructed  by  modifying  the  gene  for 
the  nontoxic  full-length  mutant  DT-Ser-148  (1),  and  then 
transcribed  and  translated  in  vitro.  The  in  vitro  translated 
proteins  were  compared  to  wild-type  DT  with  respect  to  their 
binding  to  receptors  on  Vero  cells,  their  protease  acces¬ 
sibility  after  receptor  binding  and  subsequent  exposure  to  low 
pH,  and  their  ability  to  permeabili;?e  cells  to  a  number  of 
radiolabeled  solutes. 


RESULTS 

The  results  are  summarized  in  Table  1.  Deleting  all  or  most 
of  the  A-fragment  yielded  molecules  with  higher  receptor 
affinity  than  native  DT.  Mutants  containing  small  parts  of  the 
A-fragment  (A-44,  A-39)  as  well  as  mutants  lacking  the  very  N- 
teirminal  region  of  the  B-fragment  {B-36,  B-34)  became 
protected  against  pronase  after  binding  and  subsequent 
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exposure  to  low  pH.  A-44,  A-39  and  B-36  were  much  more 
effective  than  Dl'  in  selectively  permeabilizing  Vero  cells  to 
cations  at  low  pH.  Like  DT,  these  molecules  did  not  permeabi- 
lize  L  cells,  which  lack  receptors.  In  contrast,  the  shorter 
B-fragment-derived  mutants  B-34  and  B-27  even  permeabilized  L 
cells.  Cells  treated  with  these  proteins  were  permeable  to 
anions  and  uncharged  solutes  as  well  as  to  cations. 
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lable  1.  Structure  and  properties  of  DT  and  in  vitro 
translated  mutants. 


DISCUSSION 

The  present  results  show  that  an  N-terminally  truncated  B- 
fragment  alone  is  able  to  bind  to  receptors  and  insert  into 
the  plasma  membrane.  Clearly,  the  formation  of  ion  channels 
can  occur  even  in  the  absence  of  A-fragment  translocation.  The 
increased  affinity  of  A-44,  A-39  and  B-36  as  compared  with  DT 
could  be  due  to  increased  interactions  between  the  N-terminal 
region  of  the  B-fragment  and  membrane  lipids.  The  superior 
membrane-permeabilizing  effect  of  these  molecules  could  only 
partly  be  accounted  for  by  their  increased  affinity.  It 
appears  that  the  presence  of  the  intact  A-fragment  actually 
results  in  less  effective  channels.  B-34  and  B-27  probably 
permeabilize  cells  by  a  different  mechanism  than  DT,  since  the 
permeabilization  by  these  molecules  was  nonselective  and 
receptor-independent . 
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INTRODUCTION 

Protein  B  (CAMP-foctor)  of  group  B  streptococci  is  active  in  synergistic  hemolysis 
(4,  9)  and  unspecific  binding  of  immunoglobulins  (7).  Binding  of  protein  B  to  cero- 
mide  liposomes  (1)  os  well  os  to  lipid  suspensions  and  liposomes  of  varying  lipid 
composition  (9)  has  been  demonstrated.  A  “membrane-binding  domain"  of  protein  B 
is  discussed  in  respect  to  the  sequence  data  (8). 

To  investigate  the  interaction  of  protein  B  with  membrones  we  hove  used  a  lipo¬ 
some  model  (5)  containing  either  radioactive  photoactivotable  phospholipids  (2)  or 
o  radioactive  lipoohilic  photolobel  (3). 

MATERIAL  AND  METHODS 

Unilamellar  ATP-containing  liposomes  consisting  of  cholesterol  :  sphingomyelin  = 

43  :  57  MOL%  were  prepared  os  previously  described  (5).  [^H]-PC  I  (l-palmitoyl-2- 
(2-ozido-4-nitrobeiizoyl)-sn-glycero-3-[^H]phosphocholine;  SA  =  2.6  Ci/mmol)  and 
n^C]-PC  II  (l-myristoyI-2  -[  1 2-amino(4-N-3-nitro- 1  -ozidophenyl)  ]dodecanoyl-sn-gly- 
cero-3-[^^C]phosphocholine;  SA  =  174  Ci/mol)  hove  been  introduced  in  the  lipo¬ 
somes  at  a  molar  ratio  of  0.16  %  and  0.6  %,  respectively  (2).  Both  lipid  derivotives 
were  a  kind  gift  of  Prof.  C.  Montecucco. 

The  liposomes  were  incubated  with  sphingomyelinase  (E.C.  3.1.4.12.)  prior  to  the 
addition  of  protein  B.  Illumination  and  identification  of  the  cross-linked  protein  by 
SDS-PAGE  were  performed  according  to  Bisson  5-  Montecucco,  1981  (2).  Hydropho¬ 
bic  photolabeling  with  TID  (3-(Trifluoromethyl)-3-(m-[^  25j  jiodQphepyijd-gjijipe. 

SA  =  10  Ci/mol)  was  done  as  described  (3). 

RESULTS  AND  DISCUSSION 

To  identify  hydrophobic  interaction  of  protein  B  with  target  liposomes  we  used  TID 
a  lipophilic  photolabel.  Sphingomyelinase  treated  liposomes  (torget  liposomes)  were 
incubated  with  TID  followed  by  the  addition  of  protein  B.  After  illumination  of  the 
sample  and  gel  filtration  on  a  Sepharose  4  B  column  o  radioactive  liposome  peak 
was  obtained  containing  3  %  of  the  initial  TID.  Analysis  of  the  sliced  SDS-PAA  gel 
demonstrated  the  association  of  radioactivity  with  protein  B  suggesting  an  interac¬ 
tion  of  the  protein  B  with  artificial  membranes.  However,  this  statement  is  limited 
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because  TID  is  known  to  partition  into  hydrophobic  pockets  of  proteins  which  are 
not  in  contact  with  the  bilayer  (6). 

To  investigate  the  depth  of  penetration  of  protein  B  into  the  lipid  biloyer  we  pre¬ 
pared  liposomes  (5)  traced  with  radioactive  lipid  derivatives.  The  photoreactive 
group  was  introduced  at  a  defined  position  of  the  fatty  acyl  chain  for  [^Hj-PC  I  at 
the  polar  headgroup  and  for  [^^C]-PC  II  at  the  methyl  terminus  of  one  of  the  fatty 
acid  (2). 

The  pattern  of  radioactivity  upon  SDS-PAGE  is  depicted  in  Fig.  I. 


SSbOa  proitin  B  lipid 


Fig.  1:  Labeling  patterns  of  liposome-bound  protein  B  with  [^H]-PC  1  (A)  and 
[l4c]-PC  II  (B). 

The  Coomassie  blue-stained  gel  (top)  was  cut  into  2.5  mm  thick  slices  before  solu¬ 
bilizing  and  counting  for  radioactivity  (bottom).  Inset;  schemotic  graph  of  the  PC- 
structures. 

Both  radioactivity  profiles  show  one  peak  corresponding  to  the  protein  B  position 
on  the  gel.  The  result  indicates  that  protein  B  is  able  to  interact  with  the  polar 
head  group  as  well  os  with  the  hydrophobic  rrembrane  phase.  The  extent  of  cross- 
linking  measured  by  SDS-PAGE  for  PC  I  and  PC  11  was  0.5  %  and  2  respective¬ 
ly.  There  was  no  cross-linking  obtained  in  the  control  experiments  with  either 
sphingomyelinase  in  the  absence  of  protein  B  or  with  protein  B  alone. 
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INTRODUCTION 

Protein  B  (CAMP-Factor)  of  group  B  streptococci  (Streptococcus  ogoloctioe)  is  on 
extracellular  polypeptide  which  acts  as  a  cocytolysin  on  red  blood  cells  (3)  ond 
which  binds  in  a  non-immune  reaction  immunoglobulins  of  different  mommolian 
species  (5).  It  has  been  shown  that  protein  B  was  released  in  large  amounts  from 
bacterial  cells  into  the  medium  especially  during  the  logorithmic  and  post-log 
growth  phase  (6). 


MATERIAL  AND  METHODS 

Group  B  streptococci,  GBS  (NCTC  8181,  type  Ilb)  were  grown  oerobically  ond  in 
the  presence  of  CO2  (0.1  1/h)  in  Trypticase  peptone-yeast  extract  broth  supple¬ 
mented  with  2  %  (w/v)  maltose  (6).  Cell  fractionotion  was  achieved  with  either 
mechanical  cell  disruption  or  protoplast  formation  with  mutonolysin  (1).  Cocytoly- 
tic  activity  of  protein  B  was  measured  in  the  culture  supernatant  and  in  the  cell 
fractions  as  reported  earlier  (4). 


RESULTS  AND  DISCUSSION 

Table  1  shows  the  relative  distribution  of  protein  B  activity  in  individual  fractions 
during  the  log  growth  phase  of  GBS.  The  releose  into  the  medium  started  in  the 
early  log  phase.  Protein  B  was  thereafter  mainly  produced  during  the  mid-  to 
late  log  phase  of  growth  with  a  maximal  intracellulor  accumulation  during  the 
late  log  phase.  With  respect  to  the  different  cell  compartments  the  distribution 
of  protein  B  at  this  stage  of  growth  was  as  follows:  cytoplasm,  76  %,  cytoplasmic 
membrane,  9  %,  and  cell  wall,  15  %.  A  C02-gas  otmosphere  enhanced  the  pro¬ 
duction  of  protein  B  by  increasing  the  total  amount  of  proteins  synthesized  during 
growth  (6).  During  the  post-log  growth  phase  the  intracellular  CAMP-factor  acti¬ 
vity  decreased  of  about  55  %,  whereas,  concomitantly,  the  amount  of  protein  B 
in  the  culture  supernatant  increased.  This  observation  moy  possibly  be  explained 
by  an  increase  in  defective  cell  wall  structure  of  streptococci  due  to  outolytic 
phenomena  in  the  post-log  phase  (2).  Up  to  95  %  of  the  synthesized  protein  B 
were  released  into  the  culture  supernatant  during  growth  (6). 
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Toble  1;  Distribution  of  protein  B  within  the  cell  of  group  B  streptococci  (type  lib) 
during  logarithmic  growth  phase 
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INTRODUCTION 

Pseudomonas  Exotoxin  A  (ETA)  kills  eukaryotic  cells  by 
catalyzing  the  ADP-ribosylation  of  elongation  factor-2  within 
the  cytosol(3).  ETA  consists  of  three  distinct  domains  as 
determined  by  X-ray  crystallography( 1 ) .  Data  indicating  that 
dr~'iin  IT  Is  responsible  for  memfcrene  Inserticn  ^"d  trarir ’ ocn  • 
tiPii  beta  pceSttateu .  lu  ptobe  cne  lunction  of  the 

disulfide  bridge  within  domain  II  we  applied  directed 
mutagenesis  to  the  cloned  gene.  We  hypothesized  that  the 
disulfide  provides  a  conformational  constraint  on  the  molecule 
and  that  its  removal  might  influence  the  conformational  change 
at  low  pH.  An  intracellular  compartment  with  acidic  pH  is 
required  for  intoxication  of  cells  (2). 


MATERIALS  AND  METHODS 

Cysteines  265  and  287  were  changed  to  Serine  by  oligonucleot¬ 
ide  directed  mutagenesis  in  the  M13  system.  The  mutant  toxin 
was  purified  by  immunoaf f inity-,  anion  exchange-,  and  gel 
filtration  chromatography. 
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RESULTS  AND  DISCUSSION 

Mutant  toxin  was  less  stable  than  wild- type  toxin  and  was 
readily  degraded  by  proteolytic  enzymes.  The  susceptibility 
to  proteolysis  reflects  the  importance  of  the  disulfide-bridge 
for  correct  folding  of  the  protein.  Mutant  toxin  had  the  same 
in  vitro  ADP-ribosyl  transferase  activity  as  wild-type  toxin. 
Since  the  enzyme  activity  is  located  to  domain  III,  it  was  not 
surprising  that  a  mutation  in  domain  II  did  not  affect  this 
function. 

The  toxicity  of  mutant  toxin  on  mouse  L-cells  was  reduced  ca. 
80-fold  compared  to  wild-type  toxin.  The  addition  of  protease 
inhibitors  slightly  decreased  the  ID50  (toxin  concentration 
reducing  protein  synthesis  50%)  in  the  presence  of  serum. 

This  was  not  observed  with  wild-type  toxin. 

ETA  has  been  shown  to  bind  Triton  X-114  at  pH  values  below 
5.0,  implying  that  cryptic  hydrophobic  regions  of  ETA  become 
exposed  at  low  pH.  The  titration  curve  for  detergent-binding 
of  mutant  and  wild-type  ETA  as  a  function  of  pH  was  sharp,  and 
the  mutant  toxin  entered  the  detergent  phase  at  a  higher  pH 
than  wild-type  toxin. 

Entry  of  ETA  into  the  cytoplasm  of  eukaryotic  cells  occurs  by 
an  acid-dependent  mechanism.  NH4CI  at  a  final  concentration  of 
15mM,  protected  L-cells  more  than  100-fold  against  intoxica¬ 
tion  by  wild-type  ETA,  but  only  10-fold  against  intoxication 
by  the  mutant  ETA. 

The  decreased  cytotoxicity  of  the  mutant  toxin  can  possibly  be 
explained  by  decreased  stability,  since  degradation  of 
prote'.ns  can  take  place  within  endosomet.  T'oi  i  nn 

tfwit  Nri4Ci  has  iesu  tiliect  oi'i  cytotoxxcity  of  tne  mutant  ETA 
than  the  wild-type  ETA  could  be  explained  by  the  possibility 
that  an  increase  in  intravesicular  pH  due  to  the  presence  of 
NH4CI  stabilizes  mutant  ETA  that  would  otherwise  be  suscept¬ 
ible  to  degradation  or  to  unfolding  causing  premature, 
abortive  membrane  insertion.  The  Triton  X-114  experiments 
indicate  that  less  pH-reduction  is  required  for  the  protein  to 
undergo  a  conformational  change  and  thereby  expose  cryptic 
hydrophobic  regions. 
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INTRODUCTION 

Colicins  arc  bactericidal  proteins  which  kill  sensitive  E.coli  cells.  Their  mode  of  action 
comprises  three  steps:  1)  binding  to  a  specific  receptor  located  on  the  outer  membrane;  2) 
translocation  across  the  membrane(s);  3)  interaction  with  their  target  in  the  cell.  Most  of 
them  arc  large  proteins  (60-70  Kda)  and  the  domains  associated  with  the  steps  are  organized 
in  three  distinct  regions  of  the  polypeptide  chain.  Colicins  of  the  El  group  (A,El,Ia,lb, 
B,K,N)  form  voltage-dependent  pores  which  lead  to  depolarization  of  the  cytoplasmic 
membraneL2.  The  C-terminal  domain  of  pore  forming  colicins,  responsible  for  channel 
formation,  can  be  easily  purified  by  limited  proteolytic  digestion^ 


RESULTS 

The  structure  of  the  colicin  A  thermolysin  peptide  has  been  .solved  to  2.5  A  resolution**.  It 
consists  of  10  alpha-helices  packed  in  a  three  layer  structure.  Two  helices  arc  completely 
buried  within  the  structure  and  form  a  hydrophobic  loop.  This  peptide  was  found  to  interact 
strongly  with  negatively-charged  lipids  to  form  a  well  defined  disk-like  complex  with  those 
lipids.  Circular  dichroism  and  fluorescence  spectroscopy  studies  carried  out  with  the 
soluble  and  the  membrane-bound  form  of  the  peptide  .suggest  that  the  membrane-bound 
state  is  almost  cntirc'.y  alpha-helical  with  the  three  tryptophans  in  an  hydrophobic 
environment.  The  irj  ptophans  are  more  mobile  in  the  membrane-bound  state  than  in  the 
soluble  state.  Studies  on  the  accessibility  of  the  protein  to  trypsin  or  carboxypeptidase 
digestion  and  to  histidine  chemical  modifications  show  that  a  large  portion  is  accessible  at 
the  membrane  surface  but  the  protein's  C-terminus  is  buried  within  the  membrane.  Based 
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digestion  and  to  histidine  chemical  modifications  show  that  a  large  portion  is  accessible  at 
the  membrane  surface  but  the  protein's  C-terminus  is  buried  within  the  membrane.  Based 
on  these  studies  and  the  three  dimensional  structure  of  the  pore-forming  domain  of  colicin 
A,  we  present  a  model  for  membrane  insertion  of  the  protein  into  lipid  bilayers  (Figure  1). 
The  features  of  this  model  may  be  applicable  in  other  biological  systems  involving  protein 
insertion  or  translocation  across  membranes. 
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INTRODUCTION 

The  27  kOa  S-endotoxin  is  one  of  four  mosquitocidal  proteins  synthesised  by  Bacillus 
thuringiensis  (Bt)  var.  israeiensis.  This  protein  is  toxic  to  mosquito  larvae  and  is 
cytolytic  to  a  wide  range  of  insect  and  mammalian  celts  in  vitro  (1,4).  Its  broad  activity 
spectrum  has  been  attributed  to  the  fact  that  this  toxin  binds  certain  ubiquitous 
phospholipids;  phosphatidyl  choline,  phosphatidyl  ethanoiamine  and  sphingomyelin, 
provided  they  possess  unsaturated  fatty  acids  (5).  We  have  proposed  that  this  protein, 
along  with  other  Bt  5-endotoxins,  acts  by  colloid-osmotic  lysis  (2)  following  insertion 
into  the  plasma  membrane  of  susceptible  cells  to  generate  a  pore  of  0.6-1  nm  radius.  In 
this  study,  we  have  used  liposomes  as  a  simple  model  membrane  system  to  extend  our 
knowledge  of  the  mechanism  of  toxin  binding,  insertion  and  pore  formation. 


MATERIALS  AND  METHODS 

The  27  kDa  toxin  was  purified  from  recombinant  Bacillus  subtilis  (7).  Methods  for 
liposome  preparation  (5)  and  cell  assays  (4)  were  described  previously. 


RESULTS  AND  DISCUSSION 

Binding  of  the  27  kDa  toxin  to  liposomes  depended  on  both  the  pH  of  the  incubation  and 
the  charge  on  the  liposome:  maximal  binding  to  negatively  charged  liposomes  was  at  pH 
7,  to  neutral  liposomes  at  pH  7  or  8,  while  positively  charged  liposomes  were  still  able 
to  bind  some  toxin  at  pH  10.5.  The  decrease  in  binding  at  high  pH  may  be  due  to  an 
increase  in  the  negative  charge  on  the  toxin,  and  can  be  partially  overcome  by  a  positive 
charge  on  the  liposome.  The  haemolytic  ability  of  the  toxin  also  displayed  pH  dependence. 
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Toxicity  was  similar  at  pH  7,  8  and  9.5,  with  the  maximum  effect  at  pH  8,  while  at  pH 

10.5  the  first  lytic  effect  was  seen  only  after  a  lag  of  30  min  at  100  pg/ml  toxin, 
compared  to  less  than  5  min  at  pH  8.  After  2  h  lysis  was  seen  at  a  toxin  concentration  of 

1.5  pg/ml  at  pH  8  and  6.25  pg/ml  at  pH  10.5  for  human  or  rabbit  red  blood  cells.  Assay 
of  c^olysis  of  the  Aedes  aegypti  Aa{s)  cell  line  in  vitro  could  not  be  carried  out  at  pH 

10.5  since  the  cells  did  not  survive  at  this  pH.  Assays  at  pH  7  and  9.5  showed  no 
difference  in  the  cytolytic  effect  of  the  27  kDa  toxin,  50%  cell  lysis  occuring  at  2.25 
pg/ml  after  30  min  at  either  pH. 

In  order  to  investigate  the  insertion  of  the  27  kDa  toxin  into  the  lipid  bilayer,  we 
studied  the  protease  resistance  of  the  toxin  after  its  interaction  with  liposomes. 
Treatment  with  proteinase  K  of  the  toxin  bound  to  liposomes  generated  two  protease 
resistant  fragments  of  8.5  and  9.5  kOa.  Comparison  of  the  N-terminal  amino  acid 
sequences  of  the  proteinase  K  fragments  with  the  sequence  of  the  native  protein  (6) 
revealed  that  cleavage  occurred  at  the  N-terminal  sides  of  amino  acids  45  and  154  of  the 
248  residue  protein.  The  predicted  of  peptides  containing  amino  adds  45-153  and 

154-248  are  11674  and  10633  Da  respectively.  It  appears  that  only  a  few  amino  acids 
were  removed  from  the  C-termini  of  these  fragments  by  proteolysis. 

In  order  to  investigate  the  formation  of  pores  in  liposomes  by  the  27  kDa  toxin,  we 
employed  an  assay  for  release  of  entrapped  glucose.  The  maximal  rate  of  glucose  release 
from  liposomes  was  directly  proportional  to  toxin  concentration,  but  even  at  the  highest 
doses  of  toxin  used  there  was  a  time  lag  before  release  of  the  marker.  The  lag  time 
doubled  with  a  2-fold  decrease  in  toxin  concentration,  a  result  also  shown  for  the 
activity  of  the  same  toxin  on  Malpighian  tubules  (3).  These  results  are  consistent  with  a 
model  in  which  more  than  one  toxin  molecule  is  required  to  make  a  functional  pore,  but 
further  work  is  required  to  confirm  this  theory. 

In  summary,  binding  of  the  27  kDa  toxin  to  a  lipid  membrane  is  dependent  on  pH  and 
charge.  Only  a  small  proportion  of  the  molecule  remains  exposed  in  the  aqueous  phase 
after  binding,  and  the  toxin  generates  pores  in  the  membrane,  permeable  to  glucose. 
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INTRODUCTION 

Mono(ADP-ribosyl)ation  of  proteins  is  catalyzed  by  mono  (ADP-ribosyl)  trans¬ 
ferases,  which  are  present  in  both  prokaryotic  and  eukaryotic  cells  (1). 
Prokaryotic  mono (ADP-ribosyl) transferases,  bacterial  toxins,  eure  known  to 
interrupt  signal  trcinsduction  in  eukaryotic  cells  through  mono  (ADP-ribo¬ 
syl)  ation  of  G  proteins  that  serve  as  tramsducers  in  a  variety  of  trans¬ 
membrane  signaling  systems  (2,3).  Among  these  toxins,  at  least  three 
types  of  amino  acid-specific  ADP-ribosyltransferase  aure  known  at  present 
(Table  I).  Diphtheria  toxin  and  Pseudomonas  aerginosa  exotoxin  A  utilize 
a  modified  histidine,  termed  diphthamide,  residue  in  elongation  factor  2 
(EF-2)  as  the  acceptor  amino  acid  (4).  This  modification  inactivates  the 
polypeptide-translocase  activity  of  EF-2,  thereby  inhibiting  protein  syn¬ 
thesis,  ultimately  causing  cell  death  (5).  Cholera  toxin  and  Erherichia 
coli  heat-labile  enterotoxin  modify  an  arginine  residue  of  a  stimulatory 
G  protein  (Gs)  ot  the  adenylate  cyclase  system,  leading  to  an  increase  in 
cellular  cAMP  (1).  Pertussis  toxin  catalyzes  the  ADP-ribosylation  of  a 
cysteine  residue  of  an  inhibitory  G  protein  (Gi)  of  the  adenylate  cyclase 
system  and  of  the  other  G  protein  (Go)  that  is  abundant  in  brain  (2,6). 

Enzymes  similar  to  these  bacterial  toxins  have  been  identified  and 
purified  from  several  eukaryotic  cells  (7-11).  Like  bacterial  toxins,  the 
eukaryotic  mono (ADP-ribosyl) transferases  so  far  purified  are  classified 
into  three  types  according  to  the  amino  acids  that  accommodate  mono (ADP- 
ribosyl  /ation:  diphthamide-  (7),  arginine  (8,9),  and  cysteine  (10,11)  spe¬ 
cific  mono (ADP-ribosyl) transferases.  These  transferases  can  be  separated 
by  column  chromatography  and  are  designated  as  ADP-ribosyltransferase  0, 

A,  cind  C,  respectively  (10,11).  However,  the  physiological  ro]''s  of  the 
eukaryotic  mono (ADP-ribosyl) transferases  are  unknown.  Recently,  menu (ADP- 
ribosyl)  ation  of  Gi  by  ADP-ribosyltransferase  C  has  been  shown  to  attenu¬ 
ate  the  inhibition  of  adenylate  cyclase  activity  by  epinephrine  (12). 

This  finding  suggests  that  endogenous  mono (ADP-ribosyl) ation  of  G  proteins 
may  be  importcint  in  the  regulation  of  signal  transduction  in  eukaryotic 
cells.  Here  we  summarize  recent  results  obtained  in  our  laboratory  on  the 
physiological  role  of  endogenous  mono (ADP-ribosyl) atirn  of  G  proteins 
catalyzed  by  ADP-ribosyltransferase  C. 


212  ■  S.  Tanuma 


Table 

I.  Mono(ADP-ribosyl)ation  Reaction  in  Prokaryotes  and  Eukaryotes 

Class 

Target 

ADP-rlhosyltransferase 

Amino  acid 

Protein 

Prokaryotes 

Eukeuryotes 

I 

Diphthamide 

EF-2 

Diphtheria  toxin 

ADP-ribosyltransferase 

D 

Pseudomonas 

aeruqinosa 
exotoxin  A 

n 

Arginine 

Gs 

Cholera  toxin 

ADP-ribosyltransferase 

A 

transducin 

Escherichia  coli 

21-26  KDa 

heat-labile 

membrane 

proteins 

enterotoxin 

P21H« 

m 

Cysteine 

Gi 

Pertussis  toxin 

ADP-ribosyltremsf erase 

C 

transducin 

Go 

MATERIALS  AND  METHODS 

ADP-ribosyltransferase  C  activity  was  determined  by  measuring  the  radio¬ 
activity  of  the  reaction  product,  ADP-ribosylcysteine  methyl  ester,  as 
described  in  (10,11).  The  standard  reaction  mixture  contained  50  mM  pota¬ 
ssium  phosphate  (pH  7.0),  0.1  mg/ml  bovine  serum  albumin,  0.1  mM  phenyl- 
methylsulfonyl  fluoride  (PMSF) ,  50  mM  cysteine  methyl  ester,  0.15  mM  [^H]- 
NAD  (6.7  pCi/pmol) ,  and  a  suitable  aunount  of  the  enzyme  source.  The  re¬ 
action  was  carried  out  at  30 "C. 

ADP-ribosyltransferase  C  was  purified  from  himian  erythrocytes  as  des¬ 
cribed  previously  (11).  This  enzyme,  present  in  the  cytosol,  was  purified 
by  sequential  chromatographic  steps  on  phenyl-Sepharose ,  phosphocellulose , 
Sepharose  CL-6B,  blue-Sepharose  aind  cysteine-agarose. 

Adenylate  cyclase  activity  in  human  platelet  membranes  was  assayed  in 
buffer  solution  consisting  of  50  mM  sodium  phosphate  (pH  7.4),  0.3  mM  PMSF 
1  mM  ATP,  0.1  mM  GTP,  2  mM  MgCl2,  0.2  mM  3-isobutyl-l-methylxan thine,  1 
mg/ml  membranes  and  other  reagents  as  indicated  in  the  text.  Incubation 
was  carried  out  at  30®C.  The  rate  of  cAMP  production  was  measured  by 
radioimmunoassay  with  an  Amersham  cAMP (^25i]]tit  (12). 

The  membranes  were  incubated  with  purified  ADP-ribosyltransferase  C  in 
buffer  solution  consisting  of  50  mM  sodium  phosphate  (p:i  7.4),  0.3  mM  PMSF 
1  mM  ATP,  0.1  mM  GTP,  2  mM  MgCl2,  10  pM  [^^P]NAD  emd  1  mg/ml  membranes. 
ADP-ribosylation  was  carried  out  at  30°C. 


RESULTS 

Properties  of  ADP-ribosyltransferase  C.  ADP-ribosyltransferase  C,  present 
in  the  cytosol  of  humcin  erythrocytes,  was  purified  by  column  chromatogra¬ 
phy  (11).  The  specific  activity  of  the  final  preparation  was  8.3  ymol/ 
min/mg  protein,  showing  35,000-fold  increase  over  that  of  the  cytosol. 

The  purified  ADP-ribosyltransferase  C  gave  one  main  protein  band  on  SDS- 
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polyacrylamide  gels  with  an  estimated  to  »  28,500.  On  gel  permeation 
chromatography,  the  transferase  C  appeared  as  a  single  peak  of  to  >•  27,000, 
suggesting  that  the  ADP-ribosyltramsferase  C  is  a  monomeric  polypeptide. 
Similar  enzymatic  activities  have  been  detected  in  extracts  of  human  lym¬ 
phocytes  and  platelets,  HeLa  S3  cells,  and  Ehrlich  ascites  tumor  cells. 
ADP-ribosyltransferase  C  is,  therefore,  probably  ubiquitous  in  eukaryotic 
cells  (10,  11). 

ADP-ribosyltransferase  C  catalyzes  the  reaction  between  two  substrates, 
NAD  and  cysteine  methyl  ester  (Cys) ,  to  yield  two  products,  ADP-ribosyl- 
Cys  and  nicotinamide  (Nm) .  Kinetic  analysis  of  the  bireac-..on  system  re¬ 
vealed  that  the  apparent  Km  value  for  one  substrate  increas‘d  as  the  con¬ 
centration  of  another  fixed  siibstrate  increased  (Fig.  la) .  Ihe  results 
indicate  that  the  binding  of  one  substrate  to  the  free  enzyme  decreased 
the  affinity  for  the  second  substrate  for  factor  a.  These  kinetic  studies 
suggest  that  the  mechamism  of  ADP-ribosylation  of  cysteine  methyl  ester  by 
ADP-ribosyltransferase  C  may  be  consistent  with  a  sequential  rapid  equili¬ 
brium  random  mechanism  rather  than  a  sequential  ordered  one  (Fig.  lb) . 

The  Km  values  for  NAD  and  cysteine  methyl  ester  were  determined  to  be  65 
and  4,400  pM,  respectively. 


Fig.  1.  Kinetic  mechanism  of  ADP-ribosyltransferase  C.  Plots  of  1/v 
versus  1/(NAD]  at  fixed  concentrations  of  cysteine  methyl  ester  (20  (-•-), 
40  (-A-),  and  80  (-•-)  mM)  (a).  Mechamism  of  ADP-ribosylation  of  cysteine 
methyl  ester  by  ADP-ribosyltramsferase  C  (b). 


/ 
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Targets  of  ADP-ribosyltransferase  C.  By  using  human  erythrocyte  inside- 
out  membrane  vesicles,  ADP-ribosyltransferase  C  was  found  to  ADP-ribosyl- 
ate  a  Mr  *  41,000  protein,  which  had  a  mobility  identical  to  that  of  pro¬ 
tein  (Gia)  ADP-ribosylated  by  pertussis  toxin  (11).  The  ADP-ribosylated 
protein  was  clearly  separated  from  the  substrate  (Mr  =•  45,000  protein, 

Gia)  for  cholera  toxin.  The  ADP-ribosylation  of  41,000  protein  by  ADP- 
ribosyltrcunsferase  C  was  inhibited  by  pre-ADP-ribosylation  of  membr2mes 
with  pertussis  toxin.  The  protein  ADP-ribosylated  by  ADP-ribosyltreUis- 
ferase  C  is,  therefore,  believed  to  be  the  a  subunit  of  Gi. 

The  restriction  of  modification  by  ADP-ribosyltransferase  C  to  cysteine 
residues  in  Gia  was  confirmed  by  the  following  observation.  The  linkages 
of  ADP-ribose  -  amino  acid  residues  in  proteins  have  been  classified 
according  to  their  sensitivities  to  hydroxylamine ;  that  is,  on  neutral 
hydroxylamine  treatment,  the  ADP-ribose  -  cysteine  linkage  formed  by  per¬ 
tussis  toxin  is  consideraUbly  stable,  whereas  the  linkage  of  ADP-ribose  - 
arginine  formed  by  cholera  toxin  is  unstable.  As  shown  in  Fig.  2,  the 
ADP-ribose  -  Gia  linkage  formed  by  ADP-ribosyltrcunsferase  C  was  as  stable 
to  hydroxylamine  as  that  formed  by  pertussis  toxin.  In  contrast,  about 
half  of  that  of  ADP-ribose  -  Gsa  formed  by  cholera  toxin  was  degraded  by 
hydroxylamine  treatment  for  50  min.  These  data  are  consistent  with  the 
ADP-ribosylation  by  ADP-ribosyltransferase  C  of  a  cysteine  residue  in  Gia. 


Incubation  Time  (min) 


Fig.  2.  Hydroxylamine  sensitivity  of  ADP-ribose  -  Gia  linkage.  Membranes 
[32p] ADp_j-ibosylated  with  ADP-ribosyltransferase  C  (-•-),  pertussis  toxin 
(-0- ) ,  or  cholera  toxin  f-A-)  were  incubated  in  0.5  M  hydroxylamine  (pH 
7.4)  aind  0,5  M  HaCl  for  the  indicated  times.  The  initial  value  was  de¬ 
fined  as  10  for  each  sample.  Inset ,  autoradiographs  of  ADP-ribosyl  -  Gia 
treated  with  hydroxylamine  for  0,  JO,  60  and  120  min  (lane  1,  2,  3,  amd  4, 
respectively) . 
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Function  of  ADP-ribosyltransferase  C.  We  developed  a  system  to  inve¬ 
stigate  the  effect  of  mono (ADP-ribosyl) ation  of  Gi  by  ADP-ribosyltras- 
ferase  C  on  adenylate  cyclase  activity  (12).  Adenylate  cyclase  activity 
in  human  platelet  membranes  was  stimulated  by  forsicolin,  which  is  a  direct 
activator  of  the  catalytic  subunit.  Using  this  system,  the  effect  of  epi¬ 
nephrine,  aui  o2-adrenergic  receptor  agonist,  on  forskolin-stimulated  ade¬ 
nylate  cyclase  was  examined.  Epinephrine  inhibited  adenylate  cyclase 
activity  with  half-maximal  inhibition  at  eibout  0.5  loM.  Interestingly,  the 
epinephrine-induced  inhibition  of  adenylate  cyclase  activity  was  much  less 
in  membranes  that  had  been  preincubated  with  ADP-ribosyltransferase  C  than 
in  control  membranes  (Fig.  3a) .  Preincubation  with  the  transferase  C  had 
little  effect  on  the  stimulatory  effect  of  forskolin.  In  the  cUssence  of 
NAD,  ADP-ribosyl treinsferase  C  showed  no  attenuating  effect.  These  results 
indicate  that  ADP-ribosyltransferase  C  attenuates  receptor-mediated  in¬ 
hibition  of  adenylate  cyclase  and  does  not  affect  adenylate  cyclase  dire¬ 
ctly. 

To  determine  the  target  protein  for  ADP-ribosyltransferase  C,  we  incu¬ 
bated  human  platelet  membreines  with  the  enzyme  in  the  presence  of  [^^P]- 
NAD  and  analyzed  the  membrane  proteins  by  SDS-polyacrylaunide  gel  electro¬ 
phoresis.  As  observed  in  human  erythrocyte  inside-out  membranes,  in  human 
platelet  membranes,  ADP-ribosyltransferase  C  predominantly  ADP-ribosyl- 
ated  Gia  (Fig.  3b) .  The  dose-dependent  ADP-ribosylation  of  Gia  by  ADP- 
ribosyltrauisferase  C  was  correlated  with  the  attenuating  effect  of  the 
enzyme  on  the  inhibitory  action  of  epinephrine  on  adenylate  cyclase  acti¬ 
vity.  This  finding  supports  the  idea  that  the  attenuation  of  the  inhibi¬ 
tory  effect  of  epinephrine  on  the  adenylate  cyclase  by  pretreatment  with 
ADP-ribosyltransferase  C  is  due  to  mono (ADP-ribosyl) ation  of  Gin. 


( •)  (■)  c  a  )  c  ▼ ) 

12  3  4 


■Origin 

-93K 

-67K 

-43K 

-31K 

-21K 

■12K 


Fig.  3.  Attenuation  of  epinephrine- induced  inhibition  of  adenylate  cyc¬ 
lase  by  ADP-ribosyltransferase  C.  Human  platelet  membranes  were  preincu¬ 
bated  with  ADP-ribosyl  treinsferase  C  (0  (-0,-#-),  0.1  (-•-),  0.3  ( -^  ) , 
and  1.0  ( -^  )  ug/ml)  for  10  min  at  30“C  and  then  exposed  to  10“^  M  for¬ 
skolin  in  the  presence  (-•-  , ,  -A-  ,  •▼■  )  or  absence  (-0  )  of  30  pM  epi¬ 
nephrine  for  10  min  at  30  ®C.  The  rate  of  cAMP  production  was  measured 
by  radioimmunoassay  with  a  cAMP kit  from  Amersham  (a).  The  membranes 
were  subjected  to  10%  acrylamide/0.1%  SDS  slab  gel  electrophoresis  amd 
gels  were  autoradiographed  (b) . 
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DISCUSSION 

It  is  very  intriguing  that  eukaryotic  cells  contain  at  least  three  species 
of  ADP-ribosyltransferase  (D,  A,  and  C) ,  enzymes  that  can  recognize  a  spe¬ 
cific  amino  acid  residue  in  G  proteins,  as  do  bacterial  toxins.  Among 
these  eukaryotic  ADP-ribosyltransf erases,  ADP-ribosyltransferase  C  can 
ADP-ribosylate  the  a  subunit  of  Gi.  Furthermore,  this  enzyme  attenuated 
the  inhibitory  effect  of  epinephrine  on  the  adenylate  cyclase  system  in 
hunicui  platelet  membr2uies.  The  attenuation  was  due  to  mono (ADP-ribosyl ) - 
ation  of  Gia.  Thus,  this  modification  may  decrease  the  inhibition  of 
etdenylate  cyclase  by  Gi  by  uncoupling  Gi  from  the  inhibitory  receptor. 
These  studies  provide  experimental  support  for  the  hypothesis  that  mono- 
(ADP-ribosyl) ation  of  Gi  catalyzed  by  ADP-ribosyltransferase  C  endoge¬ 
nously  modulates  the  adenylate  cyclase  system. 

Recent  studies  have  revealed  that  Gi  and  Go,  which  are  the  substrates 
of  pertussis  toxin,  act  as  transducers  between  receptors  and  effectors  in 
adenylate  cyclase,  phospholipase  C  and  A2  and  ionic  channel  systems. 

‘Riese  G  proteins  are  ADP-ribosylated  by  ADP-ribosyltransferase  C.  ADP- 
ribosyltransferase  C  may,  therefore,  play  am  important  role  in  the  control 
mechanism  of  not  only  the  adenylate  cyclase  system,  but  also  these  other 
signal  transduction  systems  via  mono (ADP-ribosyl) at ion  of  Gi  or  Go. 

We  also  detected  and  purified  ADP-ribosyltransferase  A  from  human  pla¬ 
telets  and  Ehlrich  ascites  tumor  cells.  The  target  proteins  of  this  en¬ 
zyme  were  membrane  proteins  of  ^  21,000  -  26,000  and  the  p2l£SS.  onco¬ 

gene  product.  These  results  indicate  that  multiple  species  of  ADP-ribo¬ 
syltransferase  with  diverse  structures  and  functions  exist  in  eukaryotic 
cells.  On  the  basis  of  these  observations,  we  propose  that  ADP-ribosyl¬ 
transferase  C  and  A  may  have  different  functions  in  the  regulation  of 
transmembrane  signaling  systems  through  mono (ADP-ribosyl) ation  of  res¬ 
pective  G  proteins. 
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INTRODUCTION 

Several  microbial  toxins  transfer  ADP-ribose  from  NAD  to 
specific  protein  substrates,  thereby  affecting  the  functions 
of  their  target  proteins.  Diphtheria  toxin  and  Pseudomonas 
exotoxin  A  ADP>ribosylate  elongation  factor  2,  a  modification 
which  inhibits  protein  synthesis  (6,  10).  Cholera  toxin  and 
pertussis  toxin  ADP-ribosylate  heterotrimeric  G-proteins  in¬ 
volved  in  transmembrane  signal  transduction  (19,  28).  GTP- 
bindlng  proteins  are  also  the  substrates  of  botulinum  ADP- 
rlbosyltransf erase  C3  (3,  5).  This  exoenzyme  is  structurally 
and  functionally  distinct  from  botulinum  neurotoxins  (23)  and 
ADP-ribosylates  the  ras-homoloaous  rho  protein  (5) .  Recently, 
it  has  been  shown  that  various  clostridial  bacteria  produce 
ADP-ribosylating  toxins,  which  common  target  is  actin  (1,  21, 
24,  27).  Best  studied  example  of  this  novel  class  of  actin- 
ADP-ribosylatlng  toxins  is  botulinum  C2  toxin. 


BOTULINUM  C2  TOXIN 

Botulinum  C2  toxin  is  produced  by  various  strains  of 
Clostridium  botulinum  types  C  and  D.  In  contrast  to 
neurotoxins  Cl  and  D,  botulinum  C2  toxin  is  apparently  not 
phage-encoded,  since  bacteria  which  were  cured  from  their 
phages,  stopped  neurotoxin  but  not  botulinum  C2  toxin  pro¬ 
duction  (7)  . 

Several  toxins  such  as  pertussis-,  cholera-  and  diphtheria 
toxins  are  constructed  according  the  A-B-model  consisting  of 
two  types  of  toxin  subunits  or  chains  (9,  28) .  One  subunit 
binds  to  a  cell  surface  receptor,  whereas  the  other  cross  the 
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cell  membrane  and  is  responsible  for  the  biological  effect  of 
the  toxin.  Similarly,  botulinum  C2  toxin  is  comprised  of  two 
components  {II  and  I)  ,  which  are  involved  in  binding  and 
biological  activity,  respectively  (12).  However,  while  most 
toxins  which  can  be  described  by  the  A-B-model,  consist  of 
connected  chains  or  subunits,  botulinum  C2  toxin  is  binary  in 
structure  and  consists  of  two  separated  proteins. 

Component  II  of  botulinum  C2  toxin  is  responsible  for  the 
binding  of  the  toxin  to  the  eukaryotic  cell  surface  (12,  17). 
The  molecular  weight  of  the  binding  component  is  about  100,000 
on  SDS-PAGE.  Component  II  is  activated  by  trypsin  treatment 
to  gain  full  binding  activity  (18).  So  far  the  nature  of  the 
cell  surface  receptor  for  component  II  is  not  known.  It  has 
been  reported  that  the  activated  proteolytic  fragment  (74,000 
Da)  of  component  II  forms  oligomers  with  a  molecular  weight  of 
365,000  having  hemagglutinine  and  hemolytic  activities,  while 
the  monomer  possesses  only  hemagglutinating  activity  (18). 

Botulinum  C2  toxin  component  I,  but  not  component  II,  owns 
ADP-ribosyltransf erase  activity  and  modifies  actin  (25) . 
Various  findings  indicate  that  modification  of  actin  is  due  to 
mono-ADP-ribosylation :  Firstly,  the  phosphodiesterase 
treatment  of  *  * P-ADP-ribosylated  actin  releases  labelled  5 'AMP 
and  secondly,  no  increase  in  the  molecular  weight  of  labelled 
proteins  occurs  during  ADP-ribosylation.  The  Kh  of  the  ADP- 
ribosylation  reaction  for  NAD  is  1-5  pM  (2).  As  found  for 
other  bacterial  ADP-ribosyltransferases,  botulinum  C2  toxin 
possesses  glycohydrolase  activity  and  splits  NAD  into  ADP- 
ribose  and  nicotinamide. 


ADP-ribosa 

ADP-ribosylating 

toxin 

*  nicotinamida  *  1^ 

Figure  1.  General  scheme  of  ADP-ribosylation  of  actin 


OTHER  ACTIN-ADP-RIBOSYLATING  TOXINS 

ADP-ribosylation  of  actin  is  not  unique  for  botulinum  C2 
toxin.  Clostridium  perf rincens  iota  toxin  (24,  26),  ^  spiro- 
f orme  toxin  (27)  and  an  ADP-ribosyltransf erase  from  C . 
difficile  (21) ,  which  is  distinct  from  difficile  toxins  A 
and  B,  possess  ADP-ribosylating  activity  and  modify  actin. 
These  "iota-like"  toxins  are  also  binary  in  structure  and  are 
immunologically  closely  related  representing  a  sub-family  of 
actin-ADP-ribosylating  toxins  {21).  Botulinum  C2  toxin  is  not 
recognized  by  antibodies  raised  against  these  toxins.  More- 
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over,  the  binding  components  of  the  "iota-like"  toxins  can 
substitute  each  other  in  their  transport  ability.  In  contrast, 
botulinum  C2  toxin  does  not  facilitate  the  transport  of  the 
other  toxins  into  the  cells  (27). 


ADP-RIBOSYLATION  OF  ACTIN  BY  BOTULINUM  C2  TOXIN 

ADP-rioosylation  by  botulinum  C2  toxin  is  highly  specific  for 
actin  (1) .  Tubulin,  transducin  or  other  G-proteins  are  not 
modified  by  botulinum  C2  toxin.  Moreover  the  modification  of 
actin  by  the  toxin  exhibits  an  interesting  actin  isoform 
specificity:  Whereas  both  isoforms  O  and  v)  of  non-muscle 
actin  are  good  substrates  of  C2  toxin  (30),  skeletal  muscle 
actin  is  only  marginally  modified  by  the  toxin  (1) .  Substrate 
of  botulinum  C2  toxin  and  of  the  other  toxins  is  monomeric  G- 
actin,  not  polymerized  F-actin.  In  line  with  this  finding  is 
the  observation  that  phalloidin,  which  induces  polymerization 
and  stabilizes  F-actin  inhibits  actin  ADP-ribosylation  (2) . 
About  0.9  mol  ADP-ribose  per  mol  protein  can  be  incorporated 
into  freshly  prepared  actin.  Recently,  it  has  been  shown  that 
botulinum  C2  toxin  ADP-ribosylates  nonmuscle  actin  in 
arginine-177  (30).  Surprisingly  in  skeletal  muscle  actin, 
which  is  a  poor  toxin  substrate,  amino  acid  177  is  also 
arginine.  It  has  been  speculated  that  the  preceeding  amino 
acid,  methionine,  in  skeletal  muscle,  which  is  replaced  by 
leucine  in  non-muscle  actin,  blocks  ADP-ribosylation.  However, 
recent  finding  that  C^.  oerfrinoens  iota  toxin  modifies 
arginine  177  in  skeletal  muscle  actin,  too,  indicate  that 
methionine-176  does  not  principially  prevent  ADP-ribosylation 
(29)  . 


ADP-RIBOSYLATED  ACTIN  BEHAVES  LIKE  A  CAPPING  PROTEIN 

Several  findings  indicate  that  ADP-ribosylation  of  actin 
blocks  its  ability  to  polymerize.  Treatment  of  liver  non¬ 
muscle  actin  with  botulinum  C2  toxin  reduced  the  viscosity  of 
the  actin  solution  after  induction  of  polymerization  measured 
by  the  falling  ball  device  (1) .  Electron  microscopy  studies 
supported  the  view  that  toxin-catalyzed  ADP-ribosylation 
drastically  decreased  actin  polymerization  and  formation  of 
filaments  (2).  Moreover,  recent  investigations  indicate  that 
ADP-ribosylated  actin  largely  affects  polymerization  of  un¬ 
modified  actin.  Polymerization  of  actin  onto  actin  filaments 
was  monitored  by  an  increase  in  the  fluorescence  of 
polymerized  NBD-actin.  These  studies  demonstrated  that  ADP- 
ribosylated  actin  inhibited  nucleated  polymerization  of 
unmodified  actin  in  a  manner  typical  for  capping  proteins  (31, 
32) .  In  order  to  characterize  whether  ADP-ribosylated  actin 
acts  on  the  barbed  and/or  the  pointed  end  of  actin  filaments, 
the  influence  on  polymerization  was  studied  with  gelsolin 
capped  actin  filaments  (31) .  Gelsolin  binds  to  the  barbed  end 
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of  actin  filaments  thereby  blocking  polymerization  at  this 
end,  whereas  the  pointed  end  is  still  capable  of  filament 
elongation  (24) .  Under  these  conditions  ADP-ribosylated  actin 
did  not  influence  nucleated  polymerization  of  unmodified  actin 
at  the  pointed  filament  end  (31).  These  findings  can  be 
interpreted  to  indicate  that  actin  acts  like  a  barbed  end 
capping  protein. 


ADP-RIBOSYLATION  INHIBITS  ACTIN  ATPase  AND  IS  REVERSABLE 

Cholera-  and  pertussis  toxins  ADP-ribosylate  GTP-binding 
proteins  participating  in  signal  transduction  (19).  These  G- 
proteins  are  known  to  be  regulated  by  associated  GTPase  acti¬ 
vities  (19) .  The  toxin-induced  ADP-ribosylation  causes 
drastical  changes  in  the  rates  of  GTP  hydrolysis  associated 
with  the  regulatory  functions  of  these  proteins.  Actin  is  not 
a  GTP  but  an  ATP-binding  protein  having  ATPase  activity  (20) . 
ADP-ribosylation  of  actin  by  botulinum  C2  toxin  or  iota  toxin 
inhibits  ATP  hydrolysis  by  actin  (8).  Several  findings  indi¬ 
cate  that  inhibition  of  ATP-hydrolysis  is  not  simply  due  to 
blockade  of  actin  polymerization:  First,  inhibition  of  actin 
ATPase  activity  is  observed  even  at  low  concentrations  of  Mg** 
(50  pM)  and  at  actin  concentrations  below  its  critical  concen¬ 
tration.  Second,  ADP-ribosylation  inhibited  ATP  hydrolysis  by 
actin  even  in  the  DNAse  I-actin  complex  and,  finally,  also  the 
cytochalasin-stimulated  actin  ATPase  was  impaired  by  toxin 
treatment . 

ADP-ribosylation  of  actin  by  clostridial  toxins  is  a 
reversable  reaction.  In  the  presence  of  high  concentration  of 
nicotinamide  (30  mM)  and  low  pH  (6.5)  botulinum  C2  toxin  and 
iota  toxin  cleaved  the  ADP-ribose-actin  bound  and  formed  NAD. 
Reversal  of  actin  ADP-ribosylation  was  accompanied  by  a 
functional  reconstitution  of  actin,  e.g,  a  decrease  in  the 
amount  of  ADP-ribose  attached  to  actin  correlated  with  an 
increase  in  ATPase  activity.  ADP-ribosylation  of  actin  and 
toxin-catalyzed  reversed  reaction  exhibited  identical 
substrate  specificity.  While  ADP-ribosylation  of  non-muscle 
actin  was  reversed  by  iota  toxin  and  C2  toxin,  modification  of 
skeletal  muscle  actin  was  cleaved  only  by  iota  toxin  but  not 
by  C2  toxin  (K.  A.  and  I.  J.,  unpublished  observations). 


PHARMACOLOGICAL  ACTIONS  OF  BOTULINUM  C2  TOXIN 

According  the  A-B  model  of  botulinum  C2  toxin,  the  pharmaco¬ 
logical  effects  of  the  toxin  depend  on  the  presence  of  both 
components.  Injection  of  botulinum  C2  toxin  into  the 
intestinal  loop  of  mice  causes  fluid  accumulation  after  a 
delay  of  1-2  h  (13) .  Morphological  changes  following  toxin 
application  indicate  induction  of  an  acute  inflammation  (15). 
Botulinum  C2  toxin  dramatically  increases  the  vascular 
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permeability  (14)  .  The  toxin  causes  rounding  up  of  cells  in 
culture  (16,  22).  Variably,  24  to  48  h  after  rounding  up  of 
cells  lysis  occurs. 


Figure  2.  Model  of  the  action  of  botulinum  C2 
toxin  on  the  microfilament  network  of  cells. 
Component  II  of  botulinum  C2  toxin  (C2  II)  binds 
to  the  cell  membrane  and  facilitates  the 
transport  of  component  C2  I  into  the  cell.  ADP- 
ribosylation  of  actin  converts  actin  into  a 
capping  protein,  which  binds  to  the  fast  growing 
ends  of  actin  filaments  and  inhibits  further 
polymerization.  Depolymerization  at  the  pointed 
end  increases  the  G-actin  concentration.  The 
released  actin  monomers  are  ADP-ribosylated  by 
the  toxin-  Since  ADP-ribosylated  actin  is  not 
able  to  polymerize,  it  accumulates  which  finally 
causes  destruction  of  tho  microfilament  network. 
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Cholera  toxin  can  ADP-ribosylate  cytoskeletal  proteins  in 
vitro  but  not  in  intact  cells  (ID-  Therefore,  it  was  of 
particular  importance  for  the  pathophysiological  relevance  of 
actin  ADP-ribosylation  to  proof  its  modification  in  intact 
cells.  Treatment  of  intact  cells  with  botulinum  C2  toxin  or 
with  other  actin  modifying  toxins  reduced  or  blocked 
subsequent  » * P-ADP-ribosylation  of  actin  in  cell  lysates  (1, 
22) .  Thereby  it  has  been  shown  that  in  chicken  cells  rounding 
up  correlates  with  toxin-induced  ADP-ribosylation  of  actin  in 
a  time  and  concentration  dependent  manner.  A  more  direct 
approach  was  reported  by  Reuner  et  al.  (22):  Intact  32p_ 
loaded  chicken  cells  were  treated  with  botulinum  C2  toxin 
resulting  in  the  specific  labelling  of  a  43  kDa  protein,  which 
was  identified  as  actin  by  its  ability  to  bind  to  a  DNAse 
column  and  by  subsequent  protease  mapping.  These  studies 
showed  that  G-  but  not  F-actin  is  the  main  toxin  substrate  in 
intact  cells,  because  the  botulinum  C2  toxin-induced  label  was 
exclusively  found  in  the  Triton-soluble  G-actin  fraction  but 
not  in  the  Triton-insoluble  F-actin  fraction. 

Rounding  up  of  cells  by  botulinum  C2  toxin  is  associated  with 
destruction  of  the  microfilament  network  of  intact  cells  (22) . 
This  was  demonstrated  by  staining  microfilaments  of 
fibroblasts  with  fluorescein-labelled  phalloidin.  By  using 
DNAse  I  inhibition  test,  it  was  shown  that  the  G-actin  content 
of  toxin-treaiced  fibroblasts  increased  concomitantly  with  ADP- 
ribosylation  of  actin  (4).  Thus,  all  these  findings  were 
interpreted  to  indicate  that  botulinum  C2  toxin  treatment  of 
intact  cells  causes  depolymerization  of  actin  filaments. 

The  following  model  for  the  cytotoxic  effects  of  actin  ADP- 
ribosylating  toxins  has  been  proposed  (4).  It  is  generally 
accepted  that  in  nonmuscle  cells  monomeric  and  polymeric  actin 
is  in  a  dynamic  equilibrium,  which  is  mainly  regulated  by 
actin  binding  proteins  (20)  .  The  actin-modifying  toxins 
apparently  interfere  with  this  equilibrium  by  ADP-ribosylation 
of  G-actin.  The  ADP-ribosylated  actin  caps  the  barbed  end  of 
actin  filaments  thereby  blocking  further  polymerization  at 
this  end  of  filaments  and  increases  the  critical  concentration 
of  actin.  In  contrast,  depolymerization  at  the  pointed  end  is 
not  impaired  and  still  proceeds.  The  cellular  pool  of  G-actin, 
which  serves  as  substrate  for  toxins,  increases.  As  ADP- 
ribosylated  actin  is  not  able  to  polymerize  the  toxin  traps 
actin  in  its  monomeric  form,  which  is  not  available  for 
formation  of  microfilaments.  All  these  events  finally  cause 
destruction  of  the  microfilament  network  (Figure  2) . 
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INTRODUCTION 

Bacterial  toxins  can  be  classified  according  to  their  diffe 
rent  sites  and  modes  of  action  {Fig.  1).  The  pore  forming 
toxins  constitute  one  class  (3).  Prototypes  are  the  a-toxin 
produced  by  most  strains  of  Staphylococcus  aureus.  and 
streptolysin-0  product  by  0-hemolytic  group  A  streptococci. 
They  are  able  to  form  pores  or  ion  channels.  Depending  cn 
diameter  the  pores  allow  the  exchange  of  small  ions  and 
molecules  and  the  efflux  of  large  intracellular  proteins 
leading  eventually  to  cell  death. 


Pore  formers 


ADP-ribosvIatino  toxins 


Staphylococcal  a-toxin  receptor 


Streptolysin- 0 


»  pertussis  toxin 
cholera  toxin 
botulinum  toxin  C2 


bof  ulinum  toxin  A 


tetonus  toxin 
botulinum  toxin  B 


Inhibitors  of  transmitter  releose 


Fig. 1 :  Schematic  classification  of  bacterial  toxins  accor¬ 
ding  to  their  different  sites  and  modes  of  action.  G  « 
nucleotide  binding  protein,  C  *  catalytic  subunit  of  adeny¬ 
late  cyclase,  PLC  =»  phospholipase  C. 
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The  ADP-ribosylating  toxins  constitute  another  class.  The 
most  known  and  used  toxins  are  pertussis  toxin  and  cholera 
toxin  since  they  affect  nucleotide  binding  proteins  (G- 
proteins)  which  have  a  key  role  in  signal  transduction.  The 
G-proteins  couple  receptors  on  the  cell  surface  with  mem¬ 
brane-bound  effectors  such  as  subtypes  of  ion  channels, the 
phospholipase  C,  or  the  catalytic  subunit  of  adenylate  cyc¬ 
lase.  The  ADP-ribosylation  of  actin  by  botulinum  C2  toxin 
largely  affects  the  ability  of  the  microfilament  protein  to 
polymerize  (2)  thereby  also  modulating  the  evoked  transmit¬ 
ter  release  (8).  To  reach  their  sites  of  action  in  the 
cytosol  it  is  suggested  that  the  ADP-ribosylating  toxins  or 
toxin  fragments  form  open  cation-selective  channels  or  pores 
to  facilitate  the  translocation  across  the  membrane. 

A  third  class  forms  the  clostridial  neurotoxins  such  as 
tetanus  toxin  and  the  botulinum  toxins  type  A  to  G.  Although 
their  molecular  mechanism  of  action  is  still  unknown,  seve¬ 
ral  evidences  support  the  view  that  botulinum  B  toxin/te¬ 
tanus  toxin  and  botulinum  A  toxin  act  at  different  sites  in 
the  chain  of  events  that  results  in  transmitter  release 
(4,5).  The  pore  former  streptolysin-0  has  been  used  as  a 
membrane-permeabilizing  agent  for  the  introduction  of  macro- 
molecules  such  as  tetanus  toxin  into  bovine  adrenal  medulla¬ 
ry  chromaffin  cells  to  study  tetanus  toxin  effect  on  exocy- 
tosis  (1) . 

RESULTS  AND  DISCUSSION 

STUDY  OF  PORE  FORMATION.  Several  methods  are  in  use  to 
characterize  pore  formation  and  pore  diameter  of  bacterial 
toxins  (for  review  see  (3)).  The  first  successful  method  to 
study  the  action  of  single  toxin  molecules  was  their  incor¬ 
poration  into  planar  phospholipid  bilayer  membranes,  and  the 
electrophysiological  recording  of  opening  and  closing  of 
formed  pores/ion  channels.  Electrophysiological  recording  of 
pore  formation  of  bacteria  toxins  on  biological  membranes 
has  so  far  not  been  reported.  The  patch  clamp  technique 
developed  by  Neher  and  Sakmann  (9)  is  an  ideal  tool  for  such 
purposes.  Figure  2  shows  schematically  the  procedures  which 
has  been  described  in  detail  (6,  12). 

The  cell-attached  recording  configuration  (Fig.  2)  has  the 
advantage  that  the  "milieu  interieur"  of  the  cell  is  un¬ 
touched.  This  may  be  important  if  second  messengers  or  other 
cell  components  are  involved  in  the  gating  of  ion  channels 
or  receptors.  Further  if  the  amount  of  available  toxin  is 
limited  then  the  pipette  which  has  a  volume  of  about  15  pi, 
can  be  filled  with  toxin  and  the  effect  on  a  small  membrane 
patch  can  be  studied. 

In  the  whole-cell  recording  configuration  t^ere  is  a  low- 
resistance  access  to  the  cell  interior.  This  allows  to; 
measure  the  resting  potential  of  the  cell  and  under  voltage- 
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clamp  conditions  the  membrane  currents  flowing  in  response 
to  membrane  potential  changes.  Further  there  is  a  rapid 
diffusional  exchange  between  the  cytoplasm  and  the  pipette 
solution.  The  advantage  of  this  configuration  is  that  the 
cell  cytoplasm  is  under  experimental  control.  Toxins  can  be 
applied  intracellularly  to  study  their  action  from  the  cyto¬ 
plasmic  side.  The  disadvantage  is  that  the  physiological 
state  of  the  cell  is  changed.  Important  signal  mediators 
(second  messengers,  regulatory  proteins)  may  be  lost  from 
the  cytoplasm. 


rtcordrg 


potch 


pcrfch 


Q _ Q 


Fig . 2 :  Schematic  drawing  of  the  procedures  that  lead  to 
different  recording  configurations  of  the  patch  clamp  tech¬ 
nique  such  as  cell-attached  and  whole-cell  recordings  as 
well  as  inside-out  and  outside-out  membrane  patches.  The 
pipette  resistance  R  is  measured  by  the  current  flow  I  (pA) 
through  the  glass  pipette  in  response  to  a  small  voltage 
pulse  V  (mV).  Note  the  huge  change  of  the  resistance  due  to 
the  forming  of  a  giga-seal  between  the  tip  of  pipette  and 
the  cell  membrane.  Withdrawal  of  the  pipette  from  a  cell 
when  a  cell-attached  or  whole-cell  recording  configuration 
was  established  leads  to  inside-out  and  outside-out  membrane 
patches,  respectively.  In  the  inside-out  patch  the  cytoplas¬ 
mic  side  and  in  the  outside-out  patch  the  external  side  of 
cell  membrane  are  exposed  to  the  bach  solution.  For  excel¬ 
lent  details  see  (6,  12). 
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The  whole-cell  configuration  is  the  starting  point  for  the 
investigation  of  pore  forming  toxins.  Because  of  the  large 
surface  area  the  probability  of  pore  formation  is  high.  It 
will  provide  us  with  initial  information  about  the  potency 
and  efficacy  of  a  toxin.  After  toxin  application  to  the 
extracellular  medium  pore  formation  will  decrease  the  mem¬ 
brane  resistance,  i.e,  under  voltage-clamp  condition  the 
membrane  current  increases.  We  studied  the  effects  of  a 
cytotoxin  from  Pseudomonas  aeruginosa  (7)  which  is  liberated 
during  autolysis  and  appears  to  be  produced  by  all  strains 
(7) .  Whole-cell  recordings  in  cultured  bovine  adrenal  me¬ 
dullary  chromaffin  cells  showed  that  bath  application  of  the 
toxin  (1  pg/ml)  changes  the  membrane  currents  (Fig.  3).  The 
increase  in  outward  current  is  larger  at  positive  voltages 
than  at  negative  ones  sncgesting  that  the  open  probability 
of  the  newly  formed  toxin  pores  is  dependent  on  membrane 
potential . 

In  the  outside-out  patch  configuration  the  external  side  of 
the  cell  membrane  is  directed  to  the  bath  medium,  while  the 
cytoplasmic  side  faces  the  pipette  solution.  This  configura¬ 
tion  allows  to  study  single  ion  channels/pores  in  a  very 
small  membrane  patch  similar  to  the  method  of  planar  lipid 
bilayers.  Like  in  the  whole-cell  configuration  the  membrane 
potential  can  easily  be  changed  and  the  extra-  and  intracel¬ 
lular  solutions  are  under  experimental  control. 

Pore  formation  of  P.  aeruginosa  cytotoxin  molecules  in  an 
outside-out  membrane  patch  of  a  bovine  chromaffin  cell  is 
shown  in  Fig.  4.  The  holding  potential  of  the  membrane  patch 
was  here  -40  mV.  After  variable  latency  the  current  flow 
through  newly  formed  pores  can  be  recorded.  After  change  to 
the  usual  bath  solution  the  further  process  of  pore  forma¬ 
tion  stops  while  the  already  incorporated  toxin  molecules 
remain  in  the  membrane.  Such  recordings  performed  at  nega¬ 
tive  and  positive  membrane  potentials  allow  to  determine 
single  channel  properties  such  as  the  unitary  conductance  of 
the  pore,  the  appearance  of  subconductance  states,  the  ion 
selectivity  and  the  open  probability  of  the  pores.  The  pore 
formed  by  P.  aeruginosa  cytotoxin  is  a  non-selective  ion 
channel  with  a  slope  conductance  of  120  pS . 

Increasing  the  number  of  pores  in  the  membrane  patch  by 
longer  exposure  to  the  cytotoxin,  the  voltage-dependent 
gating  of  the  pores  can  be  demonstrated  (Fig.  5).  A  depola¬ 
rizing  voltage  step  to  +-20  mV  from  a  holding  potential  of 
-60  mV  increases  tremendeously  the  open  probability  of  the 
pores.  Stepping  back  from  +20  mV  to  -60  mV  a  large  instanta¬ 
neous  current  flows  through  the  open  pores  which  then  mostly 
close  within  10  s. 
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Fig. 3 ;  Whole-cell  membrane  currents  in  cultured  bovine 
chromaffin  cells  before  and  after  application  of  Pseudomonas 
aeruginosa  cytotoxin  (lug/ml).  Each  of  the  family  of 
currents  was  generated  by  membrane  depolarization  from  the 
holding  potential  of  -60  mV  to  -20  mV  and  +20  mV.  The  bath 
solution  had  the  composition  (mM) :  140  NaCl,  3  KCl ,  2  MgCla , 
2  CaClj ,  10  HEPES,  10  glucose,  pH  7.3.  The  pipette  filling 
solution  contained  in  mM;  140  K-gluconate,  20  NaCl,  1  MgCl* , 
2.5  CaCla ,  5  EGTA,  10  HEPES,  pH  7.3. 
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Fig. 4 :  Elementary  currents  through  pores  formed  by  P.  aeru¬ 
ginosa  cytotoxin  (1  pg/ml)  in  outside-out  patch  from  bovine 
adrenal  chromaffin  cell.  Change  of  the  bath  solution  to 
toxin-free  solution  stops  the  further  formation  of  pores. 
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Fig. 5:  Voltage-dependent  activation  and  inactivation  of 
pores  formed  by  P.  aeruginosa  cytotoxin  (1  gg/ml)  in  an 
outside-out  patch  of  bovine  chromaffin  cells.  The  holding 
potential  was  -60  mV,  Then  a  depolarizing  pulse  to  +20  mV 
was  applied  for  10  s,  followed  by  repolarization  to  -60  mV. 


injection  of 
toxin 
mRNA 


stimulation  of  excocytosis 


increase  in  cell  capacitance 


Fig . 6 :  Schematic  illustration  of  the  whole-cell  recording  as 
a  tool  to  study  the  effect  of  clostridial  neurotoxins  and 
their  fragments  on  exocvtosis  in  bovine  adrenal  chromaffin 
cells.  The  exocytosis  is  monitored  by  the  increase  of  cell 
capacitance  as  the  cell  surface  area  increases  during  incor¬ 
poration  of  granule  membrane  into  the  plasmalemma. 
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STUDY  OF  EXOCYTOSIS.  The  patch  clamp  technique  has  also 
successfully  been  used  for  the  study  of  exocytosis  in  mast 
cells  and  bovine  adrenal  chromaffin  cells  (10).  In  the 
whole-cell  recording  mode  the  release  of  vesicles/granules 
can  be  stimulated  by  raising  the  Ca* ♦ -concentration  of  the 
pipette  solution  to  1  yM.  Meher  and  Marty  (10)  showed  that 
then  the  fusion  of  the  large  granules  with  the  cell  membrane 
increases  the  cell  surface  area  thereby  increasing  the  capa¬ 
citance  of  the  cell  (Fig.  6) .  So  the  measurement  of  cell 
capacitance  is  a  measure  of  the  secretion  of  granules.  The 
capacitance  of  a  cell  can  be  estimated  from  membrane 
currents  in  response  of  test  voltage  pulses. 

The  clostridial  neurotoxins  tetanus  toxin  and  botulinum  A 
toxin  are  )«nown  to  inhibit  transmitter  release  from  periphe¬ 
ral  as  well  as  central  nerve  terminals  so  far  investigated 
suggesting  that  the  neurotoxins  act  on  basic  processes  of 
exocytosis.  The  chromaffin  cells  of  adrenal  glands,  however, 
often  used  as  a  model  rur  r^-'retion  studies,  are  insensitive 
to  externallly  applied  tetanus  toxin  and  botulinum  A  toxin 
as  the  cells  lac)«  the  capacity  to  bind  the  toxins.  We  used 
the  whole-cell  recording  to  apply  the  toxins  internally  and 
to  measure  the  inhibition  of  exocytosis  by  means  of  capaci¬ 
tance  measurement  (11)  .  This  is  schematically  illustrated  in 
Fig.  6.  The  cells  were  preloaded  with  tetanus  toxin  or 
botulinum  A  toxin  using  patch-pipettes  filled  with  the  to¬ 
xins,  but  containing  no  Ca* ‘  to  avoid  the  stimulation  of 
release.  After  loading  of  a  cell  the  pipette  was  lifted  up 
and  the  cell  was  incubated  for  1  h  at  37” C  because  the 
inhibitory  effect  is  strongly  temperature  dependent.  Then  in 
a  2.  step  the  secretion  is  stimulated  using  a  patch-pipette 
filled  now  with  a  solution  containing  1  pM  free  Ca**.  Te¬ 
tanus  toxin  and  botulinum  A  toxin  effectively  inhibited  the 
secretory  response.  The  conclusion  from  these  experiments  is 
that  the  clostridial  neurotoxins  interfer  with  so  far 
un)<nown  steps  of  exocytosis  and  that  these  crucial  steps  are 
quite  generally  associated  with  vesicular/granular  release. 
Fragments  of  tetanus  toxin  have  also  been  tested  (11)  .  While 
fragment  C  was  unable  to  alter  the  secretion,  fragment  B 
effectively  suppressed  the  exocytosis.  Recently  it  has  been 
shown  that  the  paralytic  action  of  tetanus  toxin  is  asso¬ 
ciated  with  the  light  chain  of  the  toxin  (1) . 

The  whole-cell  recording  also  allows  to  inject  mRNA  to 
express  smaller  parts  of  the  light  chain  to  find  the  minimal 
peptide  chain  which  is  still  effective. 

This  wor)t  is  supported  by  the  Deutsche  Forschungsgemein- 
schaft,  SFB  249. 
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INTRODUCTIOX 

Clostridium  difficile  Is  the  cause  of  nearly  all  cases  of 
pseudomembraneous  colitis  as  well  as  being  Involved  in  many  cases  of 
antibiotic-associated  diarrhoea  and  some  cases  of  sporadic  diarrhoea 
(2).  The  evidence  is  that  most  of  the  gastrointestinal  tissue  damage  is 
mediated  by  toxin  A,  which  is  also  the  cause  of  the  diarrhoea.  The 
toxins  have  a  variety  of  biological  activities  in  addition  to  the  above 
including  cytotoxicity  and  haemagglutlnation.  This  has  led  to  a  number 
of  approaches  to  the  understanding  of  the  mechanism  of  action  of  these 
toxins.  This  brief  overview  will  first  present  data  on  the 
physicochemical  properties  of  these  two  toxins,  then  assess  their 
activities  in  animal  models.  This  will  be  compared  to  findings  in  in 
vitro  models  eg  Ussing  chambers  and  explant  organ  culture.  Finally  the 
mechanism  of  action  of  the  toxins  in  cell  culture  will  be  reviewed. 


PHYSICOCHEMICAL  PROPERTIES 


The  physicochemical  and  biological  activities  of  toxins  A  and  B  have 
recently  been  expertly  reviewed  elsewhere  (15,18).  Both  toxins  are 
extremely  large,  native  toxin  A  having  an  Mr  in  the  range  of  400,000  to 
600,000,  and  native  toxin  B  an  Mr  in  the  range  of  360,000-500,000. 
Under  denaturing  conditions  both  toxins  have  an  Mr  in  excess  of  250,000. 
It  was  recently  reported  that  toxin  B  consists  of  sub-units  which  have 
an  estimated  .Mr  of  £.  50,000  (23,24),  though  Meador  and  Tweten  (19) 
demonstrated  that  a  non-cytotoxlc  protein  with  physicochemical 
properties  identical  to  those  described  by  Pothoulakls  (23)  readily 
contaminates  toxin  B  preparations.  However,  the  controversy  has  been 
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re-activated  by  a  recent  publication  providing  evidence  for  the 
existence  of  two  forms  of  toxin  B  (30);  form  1  having  the 
characteristics  of  the  toxin  B  described  by  the  majority  of  workers,  and 
form  2  being  of  much  lower  molecular  weight  though  distinct  from  the  50 
kDa  protein  described  above.  Fortunately,  much  less  controversy  is 
associated  with  the  physicochemical  properties  of  toxin  A.  However. 
Rihn  and  colleagues  (25)  have  reported  an  .Mr  of  52,000  and  a  subunit 
composition  of  Aj  (.Mr  =  41,500)  and  A2  (Mr  =  16,000). 

Toxin  A  is  less  susceptible  to  pH  extremes  and  proteases  than  toxin  B 
(1,26,27)  though  both  are  inactivated  by  oxidizing  agents  but  not 
reducing  agents  (17).  One  of  the  minor  inconsistencies,  ie  the 
differing  results  on  susceptibility  of  toxin  A  to  trypsin,  has  been 
resolved  by  the  demonstration  that  the  reported  Inictlvation  of  toxin  A 
by  trypsin  is  due  to  chymotrypsln  contamination  (14,31).  The  toxins  are 
both  acidic  molecules  with  isoelectric  point  values  of  5. 2-5. 7  for  toxin 
A  and  4. 1-4.5  for  toxin  B  (17).  and  are  both  rich  in  aspartate, 
glutamate  and  glycine  with  low  amounts  of  histidine  and  sulphur 
containing  amino  acids  (1,16,17). 


EFFECTS  I.N  VIVO 


Administration  of  toxigenic  strains  of  C.  difficile  to  a  variety  of 
antibiotic  pre-treated  animals,  in  particular  hamsters,  results  in 
diarrhoea  and  gross  intestinal  tissue  damage.  Similar  findings  occur 
following  administration  of  crude  culture  filtrates.  Work  with  purified 
toxins  has  helped  to  clarify  their  respective  roles  in  the  disease 
process.  The  general  concensus  from  the  studies  is  that  toxin  A  in  the 
small  bowel  of  rabbits  causes  haemorrhage,  villous  architecture  damage, 
a  polymorphonuclear  leucocyte  infiltration,  increases  in  permeability, 
total  protein  (especially  albumin),  osmolality,  sodium,  chloride  and 
potassium,  with  bloody  fluid  accumulation  and  a  decrease  in  pH 
(12.20,22,29).  In  constrast  to  these  findings  Lbnnroth  and  Lange  (13) 
found  that  toxin  A  caused  a  clear  fluid  accumulation  in  the  mouse  small 
bowel  loop,  which  became  haemorrhogic  only  if  it  was  admlnsistered  with 
toxin  B. 

The  effects  of  toxin  A  in  the  large  bowel  differ  markedly  to  those  noted 
in  the  small  bowel.  Lima  and  colleagues  (12)  found  that  crude  culture 
filtrate  resulted  in  a  delayed  accumulation  of  fluid  with  increases  in 
pH,  bicarbonate  and  potassium  but  that  pure  toxin  A  did  not  unless  at  a 
concentration  of  50ug/ml.  These  findings  are  in  broad  agreement  with 
those  of  Mitchell  et  al  (20)  who  also  demonstrated  the  appearance  of 
large  Intercellular  spaces  between  the  epithelial  cells,  removal  of 
colonocytes  but  an  Intact  basement  membrane. 

Toxin  B  alone  on  the  other  hand  appears  to  have  no  measurable  effect  in 
either  the  small  or  large  bowel. 

The  use  of  animal  gut  tissue  in  vitro  has  also  yielded  interesting 
information.  Guandalinl  et  al  (8)  removed  gut  tissue  from  C.  difficile 
Infected  rabbits  and  used  the  material  which  had  been  exposed  to  C. 
difficile  products  in  vivo  for  in  vitro  nutrient  Influx  ion  transport 
and  cyclic  nucleotide  studies.  They  found  increased  tissue  permeability 
in  the  ileum  and  a  decrease  in  chloride  absorption.  There  was  net 
chloride  secretion  for  caecal  tissue.  No  Increase  in  cAMP  or  cGMP  was 
detected  in  either  ileal  or  caecal  mucosa,  in  keeping  with  findings  in 
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the  mouse  (13).  This  appears  to  contradict  the  findings  of  Vesely  et  al 
(32)  who  noted  that  partially  purified  toxin{s)  stimulated  guanylate 
cyclase  in  the  hamster  intestine,  though  due  to  the  24h  delay  between 
exposure  to  toxin  and  measurements  the  findings  are  considered  to 
represent  secondary  compensatory  effects  rather  than  primary  events  (4). 

Two  groups  have  used  Ussing  chambers  to  study  the  effects  of  C. 
difficile  toxins  on  rabbit  ileum  (10,21).  Hughes  and  colleagues  (10) 
found  that  crude  broth  filtrates  of  C.  difficile,  prevented  absorption 
of  sodium  and  Increased  secretion  of  chloride  ions.  Mitchell  and 
colleagues  (21)  found  that  pure  toxin  A  had  similar  effects  to  crude 
culture  filtrates,  but  concluded  that  the  apparent  net  secretion  of 
sodium  and  chloride  were  due  to  toxin  induced  changes  in  tissue 
permeability  and  not  a  toxin  mediated  stimulation  of  an  active  secretory 
pathway . 

One  of  the  most  interesting  in  vitro  studies  is  that  of  Triadafilopoulos 
et  al  (29)  who  compared  their  in  vivo  findings  in  rabbit  ileal  loops  to 
those  found  in  vitro  with  ileal  explants  in  short-term  organ  culture. 
In  contrast  to  the  in  vivo  findings  they  found  that  toxin  A  had  no 
effect  on  epithelial  cell  permeability,  protein  synthesis,  release  of 
alltallne  phosphatase  or  morphology.  The  proposed  explanation  for  these 
observations  is  that  .the  changes  observed  in  vivo  are  a  consequence  of 
toxin  A  triggered  infiltration  of  the  ileum  with  neutrophils. 


EFFECTS  IN  VITRO 


Although  some  worl<  has  been  done  in  vitro  with  organ  culture  and  ileal 
tissue  in  Usslng  chambers  it  was  more  appropriate  to  deal  with  those  in 
the  above  section.  This  section  will  restrict  Itself  to  findings  in 
tissue  culture,  which  represent  the  vast  majority  of  in  vitro  worl<  with 
these  toxins.  Both  toxins  A  and  B  cause  rounding  in  a  large  number  of 
cell  types,  giving  the  appearance  of  a  cytotonic  effect.  As  the  changes 
are  due  to  effects  on  the  cell  cytoskeleton  the  effect  was  called 
actlnomorphlc  (3).  The  cells  do  eventually  die  so  the  toxins  are  also 
cytotoxic.  An  acceptable  generalised  term  for  the  action  of  the  toxins 
Is  cytopathlc.  For  the  toxins  to  have  a  cytopathic  effect  they  must 
interact  with  the  cell  (bind),  become  internalised  or  Induce  a 
transraembrane  signal,  and  if  internalised  interact  with  an  intracellular 
target  with  or  without  Intracellular  modification/  activation.  Some 
information  on  these  processes  Is  available  for  both  toxins  (see 
4,6,9,28).  Both  toxins  bind  to  cells  in  a  temperature  Independent 
manner  within  30s  and  have  a  latency  period  of  about  45mln.  The 
Identity  of  the  specific  cell  surface  receptor,  if  any,  is  unl^nown, 
though  it  Is  thought  that  it  is  unlll<ely  to  be  a  lipid.  In  addition, 
the  Inhibition  of  cytopathic  effects  with  concanavalln  A  are  now  thought 
to  be  due  to  Interference  with  endocytosls  and  not  binding.  The 
observation  that  polyphosphorylated  compounds  delay  the  appearance  of 
the  cytopathogenic  effect  induced  by  toxin  B  and  < aused  the  toxin  to 
remain  accessible  to  neutralisation  with  antitoxin  implies  that  toxin  B 
contains  a  phosphate  binding  site  which  may  be  involved  in  the 
interaction  of  the  toxin  with  the  cell  surface  other  than  its  initial 
binding  step  (5).  It  is  interesting  to  speculate  that  this  may  be 
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similar  to  the  P-site  on  diphtheria  toxin. 

There  is  very  good  Indirect  evidence  that  the  receptor  in  the  gut  for 
toxin  A  is  Galal-3GalPl-4  X-acetylglucosamlne  (11).  but  that  this  is  not 
the  receptor  on  cells  in  tissue  culture. 

Both  toxins  A  and  B  have  to  be  endocytosed  and  require  a  low  endosomal 
pH  for  Internalisation.  Neither  toxin  can  be  transferred  directly  to 
the  cytosol  from  the  endosomes.  However  on  reaching  the  endosomes  the 
two  toxins  appear  to  proceed  along  different  pathways.  Although  both 
toxins  seem  to  require  enzymatic  processing  besides  a  low  pH  the 
necessary  enzymes  may  be  located  In  different  cellular  compartments, 
these  probably  being  lysosomes  for  toxin  B  and  maybe  components  of  the 
Golgi  complex  for  toxin  A.  Interestingly,  unlike  toxin  B  but  similar  to 
diphtheria  toxin,  exposure  of  toxin  A  to  low  extracellular  pH 
facilitates  transfer  of  active  toxin  across  the  plasma  membrane  and 
overcomes  inhibitors  of  Intracellular  processing.  However,  the  reasons 
why  plasma  membrane-bound  toxin  A  can  be  transferred  in  active  form 
directly  across  the  membrane  to  the  cytosol  following  exposure  to  low 
pH.  though  seems  to  be  unable  to  be  transferred  to  the  cytosol  from 
endosomes  (which  are  acidic)  across  the  endosomal  membrane  has  not  yet 
been  adequately  explained. 

Although  the  mlcrofllaments  are  the  primary  target  of  the  toxins  the 
specific  intracellular  target  that  mediates  these  changes  remains 
unknown.  As  there  is  evidence  for  a  role  for  calcium  from  the  work  in 
mouse  ligated  loops  (13).  rabbit  ileal  tissue  in  Ussing  chambers  (10) 
and  vero  cells  in  tissue  culture  (7)  Donta  (4)  has  speculated  that  the 
calcium  dependent  regulatory  protein,  vlllin.  which  is  one  of  the  major 
proteins  associated  with  intestinal  microvillus  core  filaments,  is  a 
likely  specific  target. 


CONCLUDING  COM.MENTS 


There  are  a  number  of  problems,  which  are  insufficiently  highlighted  in 
the  literature,  associated  with  trying  to  interpret  the  information 
available.  Firstly,  most  of  the  work  on  determining  the  mechanism  of 
action  of  the  toxins  in  vivo  has  been  conducted  in  animal  small  bowel, 
whereas  in  man  the  disease  is  almost  invariably  restricted  to  the  colon. 
In  addition,  none  of  the  animal  models  show  classical  pseudomembranes/ 
plaques  which  are  features  of  pseudomembranous  colitis  in  humans, 
Secondly,  findings  in  tissue  culture  which  are  then  extrapolated  to  in 
vivo  findings  have  been  derived  almost  exclusively  from  work  with  toxin 
B,  the  potent  cytotoxin,  whereas  most  in  vivo  animal  work  has  been  with 
toxin  A.  A  more  systematic  approach  to  the  study  of  these  toxins  to 
determine  mechanism  of  action  is  required. 
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INTRODUCTION 

Diphtheria  toxin  (DT)  is  a  cytotoxic  protein  which  inhibits 
cellular  protein  synthesis  in  eukayotes  by  catalyzing  the 
ADP-rlbosylatlon  of  EF-2,  which  results  in  its  inactivation. 
The  first  step  of  intoxication  by  DT  Is  binding  of  the  toxin 
to  a  susceptible  cell.  A  specific  receptor  for  DT  is 
believed  to  be  Involved  in  this  step  (4,19).  Cells  from  a 
number  of  mammals  including  humans  and  monkeys  are  sensitive 
to  DT,  but  mouse  and  rat  cells  are  insensitive  (14).  Several 
lines  of  evidence  stiow  that  the  difference  in  sensitivity  to 
DT  between  species  Is  primarily  determined  by  the  presence  or 
absence  of  a  cell  surface  receptor  (7,11,15,22).  However, 
this  receptor  has  not  been  Isolated.  A  strategy  to  Isolate 
the  DT  receptor  has  been  to  explore  its  binding  activity  for 
DT  in  Isolated  membrane  or  using  solubilized  membrane 
fractions.  However,  the  specific  binding  of  labeled  DT  to 
isolated  membrane  has  not  been  observed  as  yet. 

In  this  paper  we  will  show  two  DT-binding  molecules  that 
are  present  in  isolated  Vero  cell  membranes.  One  of  these 
substances  is  referred  as  inhibitor,  because  it  inhibited  the 
cytotoxic  effects  of  DT  and  it  is  found  on  both  DT-sensitive 
cells  and  DT-lnsensi tive  cells.  This  inhibitor  bound  to  DT 
but  could  not  bind  to  CR.M197,  the  product  of  a  mlssense 
mutation  in  the  DT  gene.  The  other  substance,  which  is  the 
DT  receptor,  was  found  to  bind  to  both  DT  and  CRM197  with 
high  affinity  and  is  present  only  on  DT-sensltive  cells. 
Using  the  CRM197  the  receptor  was  partially  purified  and  a 
14.5kD  protein  was  identified  to  be  the  receptor,  or  at  least 
a  component  of  it. 
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MATERIALS  AND  METHODS 

Preparation  of  Cell  Membrane:  Vcro  cells  and  other  cultured 
cells  were  grown  on  plastic  dishes,  collected  with  rubber 
policemen,  and  stored  at  -80C  until  use.  Ehrlich  ascites 
tumor  cells  were  grown  in  and  harvested  from  mouse  abdomen. 
The  membrane  fractions  were  obtained  by  an  al kal 1 -extract  1  on 
method  essentially  as  described  by  Thom  18)  with  slight 
modifications  (13). 

Inhibition  of  the  Cytotoxicity  of  DT:  Cytotoxicity  of  DT 
was  measured  by  assaying  the  rate  of  protein  synthesis  In 
cultured  cells  as  described  previously  (10).  The  Inhibitory 
activity  was  calculated  as  described  previously  (13).  The 
Inhibitory  activity  of  samples  containing  octy iglucos Idc  was 
measured  after  removing  the  detergent  by  dialysis. 

Effect  of  the  Inhibitor  on  the  Binding  of  DT  or  CRMs  to 
Vero  cells:  Indirect  assay  of  binding  of  DT  or  CRMs  was 
carried  out  using  ^'^^I-labeled  antl-DT  monoclonal  antibody  as 
described  previously  ( 12 ) . 

Binding  of  ^‘^^I-CRMIOI  to  Isolated  Membranes:  Nicked 
CRM197  was  labeled  with  Na^^^I  using  Enzymobcads  (Bio-Rad)  as 
described  (12).  Membranes  were  washed  twice  and  resuspended 
with  Buffer  D  (130mM  NaCl,  50mM  MES  ( 2- ( N-morpho 1 Ino ) - 
ethanesulfonic  acid),  lOmM  KCl,  0.5mM  CaCl2.  ImM  NaN3,  Img/ml 
BSA,  pHB.l)  by  repeated  aspiration  through  a  26-gauge  needle. 
The  binding  reaction  was  carried  out  In  a  2(30;:  1  reaction 
volume  (0.5-1  mg  of  protein)  with  2-20  ng  of  ^^^I-CRM197  at 
24C  for  4h  unless  otherwise  stated,  with  gentle  shaking. 
Then  the  mixture  was  rapidly  filtered  on  Mllllpore  GVWP 
filters,  and  each  filter  was  washed  with  10  ml  of  cold  Buffer 
D.  The  amount  of  radioactivity  retained  on  each  filter  was 
counted  In  a  7 -counter.  Non-specific  binding  was  assessed 
in  the  presence  of_a  1000-fold  excess  of  unlabeled  CRM197. 

Binding  of  ^^^I-CRM197  to  Solubilized  Membrane:  Membrane 
fractions  solubilized  with  octylglucos i de  were  mixed  with 
phosphatidylcholine,  then  the  mixture  was  precipitated  with 
acetone  as  described  previously  (16).  The  precipitates  were 
collected  by  centrifugation  and  resuspended  with  nuffer  D. 
The  suspended  materials  were  Incubated  with  ‘^■^I-CRM197  In 
the  presence  or  absence  of  excess  unlabeled  CRM197.  After 
4hr  incubation  at  24C,  the  mixture  was  filtered  as  described 
above.  The  amount  of  radioactivity  retained  on  each  filter 
was  measured. 

Radlolod Inat Ion  and  Immunoprec i n i tat  Ion  of  DT  Receptor: 

A  fraction  of  DT  receptor  eluted  from  CM-Sepharose  was 
radioiodlnated  by  Bol ton-Huntcr  reagent.  The  labeled  sample 
was  Incubated  at  4C  for  14h  with  DT  or  one  of  the  CRM 
proteins  at  the  concentration  Indicated,  followed  by  the 
addition  of  horse  antl-DT  antibody  conjugated  with  CNBr- 
actlvated  Sepharose  beads.  The  mixture  was  Incubated  at  24C 
for  5h  with  gentle  shaking.  The  Sephfirose  beads  were 
pelleted,  washed  as  described  previously  (13).  The 
precipitated  materials  were  analyzed  by  SDS-PAGE  (8)  under 
reducing  condition  and  by  autoradiography. 

Western  Blot  Analysis  of  D1  .leceptor:  The  DT  receptor 
fraction  from  CM-Sepharose  was  incubated  with  SDS  gel  sample 
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buffer  at  37C  for  3h.  two  sets  of  protein  samples  were  run  on 
15%  SDS-PAGE  and  then  transfered  to  Durapore  filters  (type 
GVHP,  Mllllpore  Co.).  Following  treatment  with  the  blocking 
solution,  one  of  the  filters  was  treated  with  ‘^‘^I-CRM197  and 
the  other  with  *^''’I-CRM197  plus  1,000  times  e.xcess  un labeled 
CRM197.  The  filters  were  washed,  dried  and  autorad i ographed . 


RESULTS 

An  Inhibitory  substance  to  DT  activity  is  contained  in  cell 
membrane : 

We  found  that  a  membrane  fraction  Isolated  from  Vero  cells 
Inhibited  the  cytotoxicity  of  DT.  Addition  of  DT  at  40  ng/ml 
to  FL  cell  cultures  reduced  protein  synthesis  to  about  10%  of 
the  value  in  control  cultures.  When  the  membrane  fraction 
was  added  with  DT  to  FI,  cell  cultures,  the  rate  of  cellular 
protein  synthesis  was  increased  in  a  dose-dependent  manner, 
indicating  that  the  cytotoxicity  of  DT  was  blocked  (Fig.  1). 
The  membrane  fraction  per  se  had  no  effect  on  cellular 
protein  synthesis.  We  next  tested  whether  membrane  fractions 
isolated  from  other  cell  lines  with  different  sensitivities 
to  DT  show  inhibition  of  the  cytotoxicity-  lleLa  colls  are 
about  100  times  and  mouse  1,  colls  about  10'^  times  less 
sensitive  than  Vero  cells  (ll).  Ehrlich  ascites  tumor  cells 
are  more  resistant  than  L  cells  (5).  Membrane  fractions  from 
all  these  cell  lines  showed  similar  inhibitory  activity, 
indicating  the  inhibitor  was  present  both  in  DT-sensltive  and 
in  DT-insensltlve  cell  lines. 

DT  Inhibitor  Dlnds  to  DT  hut  not  to  CRM107: 

We  examined  whether  the  inhibitor  could  bind  to  DT.  The 
inhibitor  was  solubilized  from  Vero  coll  membrane( 13) ,  and 
the  solubilized  Inhibitor  was  incubated  with  Sepharosc  beads 

ox  DT4r««isi<lv»  cdt 


Fig.  1  Inhibition  of  DT-cytotoxlcity  by  membrane  fractions 
of  DT-sensltlve  and  DT-insensitive  cells.  FL  cells  were 
Incubated  for  2h  at  37  C  with  DT  (40ng/ml)  and  various 
amounts  of  membrane  fractions  from  cultured  cells  Then  the 
cells  were  labeled  with  (^H]-leucine  for  Ih  at  37  C,  and  the 
rate  of  protein  synthesis  was  measured. 
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conjugated  with  DT.  The  gels  were  washed  and  the  inhibitor 
bound  to  gels  was  eluted  with  4M-KSCN.  The  inhibitory 
activity  was  bound  to  DT-beads.  Next  we  used  DT  fragrment  A 
and  CRMs  to  determine  the  region  of  DT  responsible  for  the 
binding  of  the  inhibitor.  CRM45  is  a  premature  termination 
protein  of  DT  containing  enzymatically  active  fragment  A  and 
about  half  of  the  B  fragment  (19).  The  inhibitor  was  not 
bound  to  beads  conjugated  with  fragment  A  or  with  CRM45, 
indicating  that  at  least  the  C-terminal  15K-region  of  DT  is 
required  for  binding  of  the  inhibitor.  CRM197  is  a  product 
of  a  mlssence  mutation  in  the  DT  gene  (20)  and  differs  from 
wild  type  toxin  only  in  one  amino  acid  residue  in  fragment  A 
(2).  CRM197  is  known  to  bind  to  DT-sensltlve  cells  with  an 
affinity  similar  to  or  higher  than  that  of  native  toxin  (12). 
Interestingly,  the  inhibitor  was  not  adsorbed  with  CRM197- 
beads.  Therefore,  not  only  fragment  B  but  also  fragment  A  is 
required  for  the  binding  of  the  inhibitor. 

Effect  of  the  Inhibitor  on  the  Binding  of  DT  and  CRMs  to  Vero 
Cells: 

The  effects  of  the  Inhibitor  on  the  binding  of  DT  and  CRM 
proteins  to  Vero  cells  were  examined  by  an  Indirect  binding 
assay  using  a  ^'^^I-labeiled  monoclonal  antibody  against  DT 
(12).  This  antibody,  referred  to  as  #2,  binds  to  DT  but  does 
not  inhibit  the  binding  of  DT  to  cells  (3),  As  shown  in  Fig. 
2,  the  inhibitor  blocked  the  binding  of  DT  to  Vero  cells  but 
not  the  binding  of  CRM197.  Moreover,  the  assay  showed  that 
the  inhibitor  blocked  the  binding  of  CRM176  and  CRM228  to  the 
cells . 


Fig.  2  Effect  of  DT 
inhibitor  on  the  binding  of 
DT  or  CRMs  to  Vero  cells 
measured  by  an  indirect 
binding  assay  using  :?-!■ 
antl-DT  antibody. 

Antibody  was  incubated  with 
DT  or  CRMs.  The  mixture 
and  various  amounts  of  DT 
inhibitor  were  added  to 
Vero  cells,  and  the  cells 
were  Incubated  for  90  min 
at  37  C.  Then  specific 
cell -associated 
radioactivity  was  measured. 

^^■^1-CRM197  Binds  to  Vero  Cell  Membrane  but  not  to  L  Cell 
Membrane : 

The  inhibitor  was  present  even  in  the  membrane  fractions  of 
toxin-insensitive  cells.  Moreover,  although  CRM197  binds  to 
Vero  cells  with  an  affinity  similar  to,  or  greater  than  that 
of  DT  (12),  the  inhibitor  did  not  bind  to  CRM197  and  did  not 
inhibit  the  binding  of  CRM197  to  Vero  cells.  These  facts 
suggest  that  the  inhibitor  is  not  the  receptor  responsible 
for  the  difference  in  sensitivity  to  DT  between  species,  and 
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that  another  DT-binding  sui>s Lance  would  be  present  in  the 
membrane  of  DT-sensitlve  cells.  As  CRM197  did  not  bind  the 
inhibitor,  we  used  CRM197  to  look  for  a  DT  receptor  in  Vero 
cell  membrane  preparations.  _ 

Vero  cell  membrane  was  incubated  with  ^‘^°I-CRM197  and 
then  the  radioactivity  associated  with  the  membrane  was 
measured.  As  shown  in  Fig.  3,  saturable  specific  binding  of 
125i_cr[V!197  observed.  Analysis  by  Scatchard  plots 
Indicates  a  single  class  of  binding  sites  with  a  Ka  value  of 
2.1x10®  liter/mole.  This  value  is  consistent  with  the  value 
determined  by  us  in  intact  Vero  cells  (12).  We  also 
examined  the  binding  of  ^^°I-CRM197  to  mouse  L  cell  membrane. 
Over  the  range  of  CRM197  concentration  used  for  Vero  cells, 
no  specific  binding  was  observed.  Thus,  the  sites  specific 
for  CRM197  binding  are  either  not  present  on  DT-ln  ensitlve  L 
cells,  or  exist,  in  very  low  density  to  be  detecte.i  in  our 
binding  assay.  These  results  clearly  show  that  the  molecule 
which  binds  CRM197  differs  from  the  inhibitor,  because  the 
inhibitor  exists  on  L  cell  membrane  in  densities  similar  to 
those  on  Vero  cell  membrane. 


(A)  (8) 


Fig.  3  Binding  of  various  concentrations  of  ^^^I-CRM197  to 
Vero  cell  membrane  (A),  or  L  cell  membrane  (B). 

To  examine  whether  the  observed  binding  of  ^^^I-CRM197 
to  Vero  cell  membrane  is  truely  specific  for  DT.  we  performed 
a  competition  assay  using  unlabeled  DT  or  CRMs.  As  shown  in 
Fig.  4,  the  binding  of  ^^^I-CRM197  was  most  strongly 
inhibited  by  nicked  CRM197.  Native  DT  was  about  3  times  less 
potent  and  CRM228  was  about  200  times  less  potent  than  nicked 
CRM197.  CRM45  did  not  inhibit  the  binding  of  labeled  CRM197. 
These  results  strongly  suggest  that  the  binding  sites  for 
CRM197  observed  in  membrane  fractions  were  DT  receptors. 


246  •  E.  Mekada  et  al. 


Partial  Purification  of  DT  Receptor: 

The  receptor  was  partially  purified  by  column  chromatography. 
We  used  an  acetone-preclpl tatlon  method  to  assay  the  binding 
of  solubilized  membrane  fractions.  Vero  cell  membrane  was 
treated  with  60  mM  octylglucoslde .  then  centrifuged  to  remove 
Insoluble  materials.  The  solubilized  cell  membrane  material 
was  applied  on  a  CM-Sepharose  column.  CRM197-binding 
activity  was  retained  on  the  column  and  found  to  be  eluted 
with  0.4-0. 6M  NaCl.  Then  the  eluted  materials  were  applied 
on  a  CRMlOT-conJugated  affinity  column.  Most  of  the  proteins 
appeared  In  the  flow-through  fractions,  but  the  receptor  was 
retained  and  eluted  with  acidic  buffer.  Although  by  these 
purification  steps  the  receptor  was  purified  from  crude 
solubilized  membrane  fraction  by  at  least  2,000-folds, 
several  protein  bands  were  still  observed  when  the  purified 
materials  were  radloiodinated  and  analyzed  by  SDS-PAGE. 

Identification  of  DT  Receptor: 

To  Identify  the  receptor,  the  CM-Sepharose  fraction 
containing  DT  receptor  was  radloiodinated  and 
Immunoprec ip i tated  using  either  DT  or  other  CRM  proteins  and 
immobilized  anti-DT  antibody.  The  Immunopreclpl tated 
materials  were  analyzed  by  SDS-PAGE.  In  the  samples 
precipitated  with  DT  or  CRM197  and  antl-DT  antibody,  three 
major  bands  with  14.5kD,  47kD  and  62kD  and  several  minor 
bands  are  seen  in  a  reducing  condition.  When  neither  DT  nor 
CRM197  was  added,  or  DT  and  a  non-specific  antibody  was 
added,  such  major  three  bands  were  not  seen. 

Although  the  results  of  immunoprecipltatlon  study 
suggest  that  the  three  major  proteins  seen  on  SDS-PAGE  are 
related  to  DT  receptor,  there  is  the  possibility  that  the 
receptor  coprecipitated  with  contaminating  cellular 
materials.  To  Identify  which  molecule  on  SDS-PAGE  has  the 
property  to  bind  to  DT,  we  carried  out  a  Western  blot 


Fig.  4  Competition  for  binding  of  ^^^I-CRM197  to  Vero  cell 
membranes  by  unlabcled  DT  or  unlabeled  CRMs.  Vero  cell 
membranes  was  Incubated  at  24  C  for  4h  with  ^'^^I-CRM197  at  30 
ng/ml  and  various  concentrations  of  one  of  the  unlabcled 
protein.  The  specific  radioactivity  associated  with  Vero 
cell  membranes  was  measured.  The  data  are  e.xpresscd  as  a 
percentage  of  the  specific  binding. 
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analysis  of  the  receptor  fraction  eluted  from  CM-Sepharose 
using  ^^°I-CRM197  as  probe.  Only  a  single  band  with  14.5kD 
was  observed.  This  band  was  identical  to  the  14.5kD  band 
seen  in  immunopreclpitatlon  study.  When  the  probe  contained 
an  excess  amount  of  unlabeled  CRM197,  no  significant  bands 
were  observed.  Thus  we  concluded  that  this  14.5kD  band  is  the 
DT  receptor  or  at  least  a  component  of  it.  This  finding  also 
suggested  that  14.5kD  DT  receptor  is  associated  with  the  47kD 
and  the  62kD  proteins,  and  these  proteins  were  co- 
preclpitated  by  the  addition  of  DT  or  CRM197  and  the 
antibody. 


DISCUSSION 

We  have  shown  that  an  inhibitor  present  in  a  membrane 
fraction  of  cultured  cells  blocks  the  cytotoxicity  of  DT  by 
preventing  its  binding  to  target  cells.  We  suggest  that  the 
inhibitor  is  not  a  molecule  with  a  specific  role  in  the 
binding  DT  to  the  surface  of  DT-sensitive  cell.  Does  the 
inhibitor  exist  on  the  cell  surface?  The  plasma  membrane- 
rich  fraction  used  in  this  paper  contained  inner  membranes. 
Although  there  are  several  lines  of  evidence  to  support  the 
existence  of  the  inhibitor  on  the  cell  surface  (6,9,17,21), 
we  have  not  obtained  any  direct  evidence  on  location  of  the 
inhibitor.  It  has  also  been  is  unclear  whether  the  inhibitor 
plays  any  role  in  DT  intoxication. 

The  second  DT-blndlng  molecule  present  in  the  membrane 
fraction  has  characteristics  of  the  surface  receptor  for  DT. 
This  molecule  actually  defines  the  sensitivity  of  cells  to  DT 
in  different  species.  In  fact,  (I)  this  substance  is  present 
only  in  DT-sensltlve  cells,  (II)  it  binds  to  CRM197,  and  its 
binding  affinity  is  similar  to  that  obtained  with  intact  Vero 
cells.  Furthermore,  the  results  of  the  competition 
experiments  in  which  binding  of  ^'^®I-CRM197  to  Vero  cell 
membrane  was  measured  in  the  presence  of  DT  and  various  CRMs 
are  consistent  with  CRM197  binding  experiments  with  Intact 
Vero  cells.  Therefore,  we  conclude  that  this  binding 
activity  is  due  to  the  DT  receptor  present  in  DT-sensltive 
cells.  Specific  binding  of  DT  to  the  receptor  has  not  been 
reported  using  Isolated  membrane  or  a  solubilized  membrane 
fraction.  The  presence  of  the  inhibitor  might  have 
interfered  in  the  binding  of  DT  to  its  receptor  and  made  the 
interpretation  of  such  experiments  hard  (1.6).  The 
immunopreclpitatlon  study  and  Western  blot  analysis  revealed 
that  a  protein  of  14.5kD  in  SDS-PAGE  is  the  DT  receptor  or  a 
component  of  it.  Is  this  14.5kD  protein  a  functional  DT 
receptor?  The  possibility  that  14.5kD  protein  was  a 
processed  form  of  the  precursor  cannot  be  ruled  out.  By  the 
immunopreclpitatlon  study,  two  proteins  of  47kD  and  62kD 
precipitated  prominently  with  14.5kD  protein.  These  proteins 
may  also  be  related  to  DT  receptor,  but  much  more  extensive 
studies  will  be  required  to  elucidate  the  relationship  of 
these  components  to  the  DT  receptor. 
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Enzyme,  Toxin,  Liposome-Disrupting  and  Hemolytic  Activities  of 
Adenylate  Cyclase  Toxin  from  Bordetella  pertussis 

E.L.  Hewlett’’?,  I.E.  Ehrmann’^  m.C.  Gray’,  W.W.  Young,  Jr.®,  and  V.M.  Gordon’  ® 

Departments  of  Internal  Medicine',  Pharmacology^  and  Pathology^,  University  of  Virginia  School 
of  Medicine,  Charlottesville,  Virginia  USA 


INTRODUCTION 

Bordetella  pertussis  produces  a  calmodulin-activated  adenylate  cyclase  (AC)  which  is  able 
to  enter  eukaryotic  target  cells  where  it  catalyzes  the  production  of  intracellular  cyclic 
adenosine  monophosphate  (cAMP)  ( 1 ,2).  This  protein  toxin  is  a  virulence  factor  for  B. 
pertussis,  due  at  least  in  part  to  the  inhibition  of  phagocytic  leukocyte  function  caused  by 
the  accumulated  cAMP  (1-7).  While  a  variety  of  different  sized  molecules  from  B. 
pertussis  possessing  AC  enzyme  activity  (ability  to  catalyze  cAMP  production  in  a  cell- free 
assay)  have  been  described  (2,8-12),  much  less  is  known  of  the  holotoxin  molecule  which  is 
capable  of  eliciting  cAMP  accumulation  in  intact  target  cells.  Data  from  several 
laboratories  suggest  that  the  active  form  of  AC  toxin  has  a  molecular  mass  of  slightly 
greater  than  200-kDa  (9,13,14).  Furthermore,  the  gene  which  appears  to  encode  the  AC 
has  been  cloned  and  sequenced  and  the  derived  amino  acid  sequence  yields  a  calculated 
mass  of  177-kDa  (15). 

The  AC  holotoxin  has  been  the  object  of  study  in  this  laboratory  and  it  has  recently  been 
isolated  in  homogeneous  form  (16).  The  properties  and  activities  of  this  216-kDa  protein 
are  the  subject  of  this  presentation. 

IDENTIFICATION  AND  CHARACTERIZATION  OF  THE  AC  HOLOTOXIN 

Monoclonal  antibodies  which  immunoprecipitate  AC  enzymatic  activity  from  extracts  of  B. 
pertussis  recognize  a  band  of  216-kDa  on  Western  blot  (Figure  1).  Using  purification  by 
urea  extraction,  hydrophobic  chromatography,  preparative  sucrose  gradient  centrifugation 
and  affinity  chromatography  with  either  calmodulin-Sepharose  or  monoclonal 
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Figure  I.  Monoclonal  antibodies  that 
immunoprecipitate  C  enzymatic  activity  identify 
a  216-kE>a  band  on  Western  blot.  Sucrose 
gradient-purified,  B.  pertussis  AC  toxin  was  run 
on  a  12.5%  SDS-PAGE.  The  proteins  were 
transferred  to  a  PVDF  membrane  and  incubated 
with  two  AC  (+)  antibodies  A)  9D4  and  B)  1H6, 
as  well  as  an  irrelevant  antibody  C)  MHS-5. 
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antibody-Sepharose  as  the  final  step,  the  216-kDa  protein  can  be  isolated  to  >  85%  purity 
(16).  As  shown  in  Figure  2,  this  preparation  of  the  216-kDa  protein  has  its  AC  enzymatic 
activity  increased  -1000-fold  by  calmodulin  in  a  dose-dependent  manner.  The  ability  to 
elicit  cAMP  accumulation  in  J774  cells,  however,  is  essentially  unaffected  by  calmodulin 
(Figure  2). 


Figure  2.  Effect  of  calmodulin  on  AC  enzymatic  and  toxin  activities. 

Sucrose  gradient-purified,  B.  pertussis  AC  toxin  was  incubated  with  the 
indicated  concentration  of  calmodulin  for  10  min.  at  25°C  and  then  assayed 
for  enzymatic  activity  (O  -  O)  or  for  toxin  activity  (A  -  A)  in  J774  cells  (1  hr 
incubation  at  37°C). 


This  is  in  contrast  to  the  data  of  Shattuck  and  Storm  who  showed  calmodulin  inhibition  of 
the  intoxication  of  human  erythrocytes  and  NIE-1 15  cells  by  AC  toxin  (17).  Gentile  et  al., 
however,  have  found  that  calmodulin  inhibition  of  AC  toxin  action  is  limited  to 
only  a  few  cell  types,  thus  potentially  explaining  the  apparent  discrepancy  (18).  Finally, 
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electroelution  of  the  216-kDa  band  from  SDS-polyac^lamide  gel  yields  a  protein  which  has 
an  enzyme  activity  of  589  ^mol  cAMP/min/mg  protein  and  a  toxin  activity  of  21  nmol 
cAMP/mg  target  cell  protein/mg  toxin  (16).  These  data,  obtained  with  the  use  of  the 
purified  216-kDa  protein,  establish  that  it  is  the  AC  holotoxin. 

LYSIS  OF  LIPOSOMES  BY  B.  PERTUSSIS  AC  TOXIN 

In  a  study  of  the  entry  mechanisms  used  by  AC  toxins  from  Bordetella  pertussis  and  Bacillus 
anthracis,  Gordon  et  al.  (19)  demonstrated  that  anthrax  AC  toxin,  but  not  pertussis  AC  toxin, 
enters  target  cells  using  receptor-mediated  endocytosis.  Based  on  these  data,  it  was 
hypothesized  that  pertussis  AC  toxin  inserts  itself  directly  into  the  lipid  bilayer.  Using  a 
model  system  of  liposomes  containing  a  trapped  marker,  as  shown  in  Figure  3,  Gordon  et  al. 
found  that  pertussis  AC  toxin  releases  up  to  40%  of  the  trapped  marker  in  a  time  and  dose- 
dependent  manner  (20).  Liposome  lysis  by  AC  toxin 


LIPOSOME  LYSIS  ASSAY 


Figure  3.  Schematic  representation  of  liposome  lysis  assay  (20).  Multilamellar 
liposomes  consisting  of  DMPC:  cholesterokglycolipid  (molar  ratio 
1.0:0.75:0.03)  contained  trapped  4- methyl  umbelliferone  phosphate.  Each 
assay  tube  contained  AC  toxin  or  control  and  alkaline  phosphatase  (12  U/ml). 

The  reaction  was  initiated  with  the  addition  of  liposomes  and  damage  to  the 
liposomes  was  quantitated  by  spectrofluorometric  determination  of  marker 
release. 

is  calcium-dependent,  as  is  the  intoxication  of  target  cells  (1,9,20).  This  system  provides  a 
model  for  study  of  the  interaction  of  pertussis  AC  toxin  with  target  cells  which  may  reflect 
the  mechanism  by  which  the  catalytic  AC  enters. 

HEMOLYTIC  ACTIVITY  OF  AC  TOXIN 

Colonies  of  B.  pertussis  are  surrounded  by  zones  of  hemolysis  on  Bordet-Gengou  blood 
plates.  The  molecule  responsible  for  that  hemolysin,  however,  has  not  previously  been 
identified.  Mutants  of  B.  pertussis  which  are  deficient  in  AC  are  non-hemolytic,  suggesting 
a  genetic  linkage  between  the  AC  enzyme/toxin  and  hemolysin  (6).  The  first  data  indicating 
a  possible  functional  association  between  AC  toxin  and  hemolysin  is  the  demonstration  that 
the  toxin  can  disrupt  multilamellar  liposomes  (20). 
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Analysis  of  the  sequence  of  the  AC  gene  from  B.  pertussis  by  Glaser  et  al.  reveals  an  internal 
homology  with  repeating  elements  found  in  a-hemolysin  from  E.  coli  (15).  This  sequence 
homology  is  supported  by  the  recent  observation  by  Ehrmann  et  al.  (manuscript  in 
preparation)  that  monoclonal  antibody  against  pertussis  AC  toxin  reacts  with  E.  coli  a- 
hemolysin  on  Western  blot.  Analysis  of  DNA  sequences  from  regions  surrounding  the 
apparent  structural  gene  for  AC  in  B.  pertussis  demonstrates  additional  homologies  (21). 
There  are  open  reading  frames  which  are  homologous  with  the  ancillary  genes  involved  in 
secretion  of  E.  coli  hemolysin  and  Pasteurella  haemolytica  leukotoxin  (21). 

An  investigation  of  the  relationship  between  hemolysis  and  AC  toxin  activity  indicates  that 
these  functions  may  reside  on  the  same  molecule,  as  illustrated  by  the  following  data.  Urea 
extracts  from  wild  type  B.  pertussis,  but  not  mutants  lacking  AC  toxin,  arc  hemolytic  for 
sheep  erythrocytes.  As  shown  in  Figure  4,  purification  of  the  216-kDa  holotoxin  yields 
increasingly  potent  hemolytic  activity.  This  hemolytic  activity  is 


Figure  4.  Hemolytic  activities  of  fractions  from  AC  toxin  purification. 

Sheep  erythrocytes  (2  x  10*)  were  incubated  with  urea  extract  cf  6.  pertussis 
(0-0),  phenyl-Sepharose  purified  AC  toxin  (■  -  ■),  or  sucrose  gradient 
purified  AC  toxin  (A  -  A)  for  5  hrs  at  37‘’C.  Hemolysis  was  quantitated  by 
hemoglobin  release  as  %  of  total  hemoglobin  released  by  NH^OH  using 
spectrophotometric  reading  at  540  nm. 

calcium-dependent,  as  are  cell  intoxication  and  liposome  disruption.  This  calcium 
dependence  is  not  unexpected  since  one  of  the  regions  of  E.  coli  with  homology  to  AC  toxin 
(nonameric  repeats)  is  felt  to  be  the  calcium-binding  domain  (22).  Finally,  the  electioeluted 
216-kDa  protein  is  hemolytic,  indicating  that  this  activity  is  the  result  of  the  interaction 
between  the  AC  holotoxin  and  sensitive  erythrocytes. 

CONCLUSIONS 

The  216-kDa  AC  toxin  produced  by  B.  pertussis  is  novel  in  that  it  is  a  calmodulin-activated 
AC  which  is  able  to  catalyze  intracellular  cAMP  accumulation,  disrupt  liposomes,  and  lyse 
erythrocytes.  All  of  the  actions  of  this  molecule  which  involve  membrane  interactions 
require  calcium,  probably  reflecting  at  least  in  part  a  function  of  the  calcium-binding 
repeats  which  are  homologous  to  E.  coli  hemolysin. 

One  postulated  role  of  the  AC  toxin  in  clinical  pertussis  is  to  paralyze  phagocytes  in  order  to 
prevent  removal  of  B.  pertussis  organisms  (1-4,23).  Since  pertussis  is  a  localized  infection  of 
the  respiratory  tract,  it  is  unlikely  that  the  AC  toxin  encounters  erythrocytes  frequently  and 
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thus  the  hemolytic  activity  is  not  likely  to  be  an  essential  feature.  On  the  other  hand,  the 
hemolytic  and  liposome-disrupting  activities  probably  reflect  the  mechanism  by  which  the 
toxin  interacts  with  membranes,  with  the  domain  homologous  to  other  bacterial  hemolysins 
responsible  for  creating  a  pore  or  channel  through  which  the  catalytic  fragment  is  transferred 
to  the  cell  interior. 

ACKNOWLEDGEMENTS 

The  authors  gratefully  acknowledge  the  contributions  of  Barbara  Taylor,  Susan  Roscoe, 
Virginia  Estabrook,  Donna  Taylor,  Martha  MacLeod  and  George  Vandenhoff.  This  work 
was  supported  by  grants  from  the  National  Institutes  of  Health  (At  18000  and  DK  38942). 


REFERENCES 

1.  Confer,  D.L.  and  Eaton,  J.W.  (1982).  Phagocyte  impotence  caused  by  an  invasive 
bacterial  adenylate  cyclase.  Science  217.  948-950. 

2.  Hewlett,  E.L.  and  Gordon,  V.M.  (1988).  Adenylate  cyclase  toxin  of  Bordetella 
pertussis.  In  "Pathogenesis  and  Immunity  in  Pertussis"  Wardlaw,  A.C.  and  Parton,  R., 
eds.),  John  Wiley  &  Sons  Ltd,  pp.  193-209. 

3.  Masure,  h.R.,  Shattuck,  R.L.  and  Storm,  D.R.  (1987).  Mechanisms  of  bacterial 
pathogenicity  that  involve  production  of  calmodulin-sensitive  adenylate  cyclases. 

4.  Pearson,  R.D.,  Symes,  P.,  Conboy,  M.,  Weiss,  A.A.  and  Hewlett,  E.L.  (1987). 
Inhibition  of  monocyte  oxidative  response  by  Bordetella  pertussis  adenylate  cyclase 
toxin.  J.  Immunol.  139.  2749-2754. 

5.  Galgiani,  J.N.,  Hewlett,  E.L.  and  Friedman,  R.L.  (1988).  Effects  of  adenylate 
cyclase  toxin  from  Bordetella  pertussis  on  human  neutrophil  interactions  with 
Coccidioides  immitis  and  Staphylococcus  aureus.  Infect.  Immun.  56,  751-755. 

6.  Weiss,  A.A.,  Hewlett,  E.L.,  Myers,  G.A.  and  Falkow,  S.  (1983).  Tn5-induced 
mutations  affecting  virulence  factors  of  Bordetella  pertussis.  Infect.  Immun.  33- 
41. 

7.  Weiss,  A. A.,  Hewlett,  E.L.,  Myers,  G.A.  and  Falkow,  S.  (1984).  Pertussis  toxin  and 
extracytoplasmic  adenylate  cyclase  as  virulence  factors  of  Bordetella  pertussis  J. 
Infect.  Dis.  152,  219-222. 

8.  Hewlett,  E.L.  and  Wolff,  J.  (1976),  Soluble  adenylate  cyclase  from  the  culture 
medium  of  Bordetella  pertussis:  purification  and  characterization.  J.  Bacteriol.  127. 
890-898. 

9.  Hanski,  E.  and  Farfel,  Z.  (1985).  Bordetella  pertussis  invasive  adenylate  cyclase.  J. 
Biol.  Chem.  222,  5526-5532. 

10.  Kessin,  R.H.  and  Franke,  J.  (1986).  Secreted  adenylate  cyclase  of  Bordetella 
pertussis:  calmodulin  requirements  and  partial  purification  of  two  forms.  J. 
Bacteriol.  126,  290-296. 

11.  Shattuck,  R.L.,  Oldenburg,  D.J.  and  Storm,  D.R.  (1985).  Purification  and 
characterization  of  a  calmodulin-sensitive  adenylate  cyclase  from  Bordetella  pertussis. 
Biochem.  24,  6356-6362. 

!2.  Ladant,  D.,  Brezin,  C.,  Alonso,  J-M.,  Crenon,  J.  and  Guiso,  N.  (1986).  Bordetella 
pertussis  adenylate  cyclase.  J.  Biol.  Chem,  261.  16264-16269. 

13.  Weiss,  A. A.,  Myers,  G.A.,  Crane,  J.K.  and  Hewlett,  E.L.  (1986).  Bordetella  pertussis 
adenylate  cyclase  toxin:  Structure  and  possible  function  in  whooping  cough  and  the 
pertussis  vaccine.  In  "Microbiology  1986"  (Leive,  L.  and  Schlessinger,  D.,  eds.), 
American  Society  for  Microbiology,  Washington,  D.C.,  pp.  70-74. 

14.  Rogel,  A.,  Z.  Farvel,  S.  Goldschmidt,  J.  Shiloach,  and  E.  Hanski  (1988).  Bordetella 
pertussis  adenylate  cyclase:  identification  of  multiple  forms  of  the  enzyme  by 
antibodies.  J.  Biol.  Chem.  262,  13310-13316. 

15.  Glaser,  P.,  Ladant,  D.,  Sezer,  O.,  Pichot,  F.,  Ullmann,  A.  and  Danchin,  A.  (1988). 

The  calmodulin-sensitive  adenylate  cyclase  of  Bordetella  pertussis:  cloning  and 
expression  in  Escherichia  coli.  Mol.  Microbiol.  2,  19-30. 


254  ■  E.L.  Hewlett 


16.  Hewlett,  E.L.,  Gordon,  V.M.,  McCaffery,  J.D.,  Sutherland,  W.M.  and  Gray  M.C. 
(1989).  Adenylate  cyclase  toxin  from  Bordetella  pertussis:  identification  and 
purification  of  the  holotoxin  molecule.  J.  Biol.  Chem.,  in  press. 

17.  Shattuck,  R.L.  and  Storm,  D.R.  (1985).  Calmodulin  inhibits  entry  of  Bordetella 
pertussis  adenylate  cyclase  into  animal  cells.  Biochem.  2A,  6323-6328. 

18.  Gentile,  F.,  Raptis,  A.,  Knipling,  L.G.  and  Wolff,  J.  (1988).  Bordetella  pertussis 
adenylate  cyclase:  penetration  into  host  cells.  Eur.  J.  Biochem.  175.  447-453. 

19.  Gordon,  V.,  Leppla,  S.H.  and  Hewlett,  E.L.  (1988).  Inhibitors  of  receptor-mediated 
endocytosis  block  the  entry  of  Bacillus  anthracis  adenylate  cyclase  toxin,  but  not 
Bordetella  pertussis  adenylate  cyclase  toxin.  Infect.  Immun.  1066-1069. 

20.  Gordon,  V.M.,  Young,  W.W.  Jr.,  Lechler,  S.M.,  Gray,  M.C.,  Leppla  S.H.  and  Hewlett, 
E.L.  (1989).  Adenylate  cyclase  toxins  from  Bacillus  anthracis  and  Bordetella 
pertussis:  different  processes  for  interaction  with  and  entry  into  target  cells.  J.  Biol. 
Chem.,  in  press. 

21.  Glaser,  P.,  Sakamoto,  H.,  Beilalou,  J.,  Ullmann,  A.  and  Danchin,  A.  (1988). 

Secretion  of  cyclolysin,  the  calmodulin-sensitive  adenylate  cyclase-haemolysin 
bifunctional  protein  of  Bordetella  pertussis.  EMBO  2,  3997-4004. 

22.  Ludwig,  A.,  Jarchau,  T.,  Benz,  R.  and  Goebel,  W.  (1988).  The  repeat  domain  of 
Escherichia  coli  haemolysin  (HlyA)  is  responsible  for  its  Ca**-dependent  binding  to 
erythrocytes.  Mol.  Gen.  Genet.  214.  553  -561. 

23.  Weiss,  A. A.  and  Hewlett,  E.L.  (1986).  Virulence  factors  of  Bordetella  pertussis. 

Ann.  Rev.  Microbiol.  4Q,  661-686. 


255 


Rappuoli  et  al.  (Eds  ).  Bacterial  Protein  Toxins.  ZbI.  Bakt.  Suppl.  19 
<■  Gustav  Fischer,  Stuttgart,  New  York,  1990 


Pore  Formation  by  Escherichia  coii  Hemolysin  in  Lipid  Bilayer 
Membranes 


R-  Benz^  A.  Schmid’,  A.  Ludwig^  and  W.  GoebeP 

Lehrstuhl  fiir  Biotechnologie’  and  Lehrstuhl  ftir  Mikrobiologie^,  Universitat  Wurzburg, 
Rontgenring  11,  D-8700  Wurzburg,  FRG 


INTRODUCTION 

The  membrane-active  cytolysins  (hemolysins)  are  extracellular  toxic  proteins 
which  are  produced  by  a  large  number  of  Gram-positive  and  Gram-negative 
bacteria  (1).  Cytolysin-secreting  bacteria  are  frequently  pathogenic  and  the 
direct  involvement  of  these  extracellular  proteins  in  pathogenesis  has  been 
demonstrated.  Pore-formation  in  the  target  cell  membrane  is  a  well 
established  mechanism  for  some  of  the  toxins.  We  present  lipid  bilayer  data 
that  clearly  indicate  that  hemolysin  of  E.  coli  forms  transient  pores  in 
membranes  formed  of  asolectin  whereas  membranes  of  pure  lipids  are  relatively 
inactive  targets  for  HlyA.  We  describe  an  analysis  of  the  unitary  (single¬ 
channel)  conductance  formed  by  HlyA  in  asolectin  membranes.  The  channels  with 
an  average  single-channel  conductance  of  about  500  pS  in  0.15  M  KCl  have  a 
mean  lifetime  of  about  2  s  at  20  mV. 


MATERIALS  AND  METHODS 

Hemolysin  was  isolated  and  purified  essentially  as  described  from  E.  coli  5K 
(containing  the  plasmid  pANN202-812  (2)  or  supernatents  of  cell  cultures  were 
directly  used.  Black  lipid  bilayer  membranes  were  formed  as  described 
previously  (3).  The  instrumentation  consisted  of  a  Teflon  chamber  with  two 
aqueous  compartments  connected  by  small  circular  holes.  Membranes  were  formed 
across  the  holes  by  painting  on  a  1%  solution  of  different  lipids  in  n- 
decane.  The  aqueous  salt  solutions  were  used  unbuffered  and  had  a  pH  around 
5.  The  membrane  current  was  measured  with  a  pair  of  calomel  electrodes 
switched  in  series  with  a  voltage  source  and  a  current  amplifier. 


RESULTS  AND  DISCUSSION 

Lipid  bilayer  experiments  were  performed  in  the  presence  of  small 
concentrations  of  hemolysin  (around  200  ng/ml)  of  E.  coli.  The  toxin  had  a 
rather  low  activity  in  membranes  formed  of  pure  lipids,  such  as  phosphatidyl¬ 
choline  or  phosphatidylserine.  In  membranes  from  asolectin,  a  crude  lipid 
mixture  from  soy  bean,  hemolysin  was  able  to  increase  the  conductance  by  many 
orders  of  magnitude  in  a  steep  concentration-dependent  fashion  w!iich 
suggested  that  several  hemolysin  molecules  could  be  involved  in  the  formation 
of  the  conductive  unit  (4).  The  much  higher  toxin  activity  in  asolectin 
membranes  is  consistent  with  the  assumption  that  this  lipid  may  contain  a 
receptor  needed  for  membrane  activity  of  the  toxin. 
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Fig.  1.  Single-channel  recording  of  hemolysin  channels  in  the  {resence  of 
0.5  M  KCl.  The  membrane  was  formed  from  asolectin/n-decane.  Th  ;  applied 
voltage  was  20  mV;  T  =  25°  C.  The  insert  shows  two  channels  on  a  faster  time 
scale.  The  arrows  indicate  the  small  conductance  fluctuations. 

Single-channel  records  in  the  presence  of  small  toxin  concentrations  showed 
that  the  membrane  activity  of  hemolysin  is  due  to  the  formation  of  ion- 
permeable  channels  with  a  single  channel  conductance  of  about  1  nS  in 
0.5  M  KCl  (Fig.  1).  The  hemolysin  channel  seemed  to  be  formed  by  a  toxin 
oligomer  because  smaller  channels  with  a  single-channel  conductance  of  about 
100  pS  were  also  observed  besides  the  large  conductive  unit  (see  Fig.1).  The 
lifetime  of  the  hemolysin  channel  was  limited  which  is  consistent  with  an 
association-dissociation  reaction  of  the  pore-forming  oligomer.  The  mean 
lifetime  of  the  channel  was  about  2  s  at  small  transmembrane  voltages.  Larger 
voltages  decreased  the  lifetime  of  the  open  channel  and  additional  substates 
were  observed.  The  conductance  of  the  hemolysi_^n  channels  was  only  moderately 
dependent  on  the  salt  concentration  in  the  aqueous  phase.  This  result 
indicated  that  charged  groups  inside  the  channel  were  involved  in  ion 
transport.  Zero-current  membrane  potential  experiments  showed  that  the 
hemolysin  channel  is  cation-selective.  The  mobility  sequence  of  different 
cations  in  the  channel  was  similar  to  their  mobility  sequence  in  the  aqueous 
phase.  This  result  suggested  that  the  hemolysin  channel  is  wide  and  that  the 
field  strength  inside  the  channel  is  not  very  high.  From  the  single-channel 
conductance  a  lower  limit  for  the  effective  channel  diamettr  of  about  1.0  nm 
could  be  estimated  by  assuming  that  the  channel  is  a  cylinder  filled  with  an 
salt  solution  of  the  same  conductivity  as  the  bulk  aqueous  conductance.  This 
method  yielded  satisfactory  results  in  the  case  of  bacterial  porins  (5). 
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Two  proteins,  ShlA  and  ShlB,  are  encoded  by  the  S.  marcescens 
hemolysin  determinant.  Both  polypeptides  are  synthesized  with 
signal  sequences.  ShlA,  the  hemolysin  proper,  is  only  active 
if  expressed  in  the  presence  of  ShlB.  ShlB  was  localized  in 
the  outer  membrane.  ShlA  produced  in  the  presence  of  ShlB  was 
found  in  the  culture  supernatant  and  on  the  cell  surface  as 
shown  by  immunoelectron  microscopy  and  trypsin  degradation. 
ShlA*  (ShlA  expressed  in  the  absence  of  shlB)  formed  in  the 
absence  of  ShlB  accumulated  in  the  periplasmic  space.  There¬ 
fore,  we  propose  a  secretion  pathway  where  ShlA  is  trans¬ 
located  through  the  cytoplasmic  membrane  in  a  signal  sequence 
dependent  manner.  ShlB  facilitates  the  specific  transport 
through  the  outer  membrane.  The  latter  step  is  accompanied  by 
a  change  in  hemolytic  activity  and  in  the  conformation  of 
ShlA.  Deletion  analyses  revealed  that  only  the  N-terminal  260 
amino  acids,  less  than  1/5  of  ShlA,  are  necessary  for  secre¬ 
tion.  These  results,  obtained  with  the  cloned  S.  marcescens 
genes  in  E.  coli,  were  supported  by  studies  with  the  original 
S.  marcescens  strain. 

The  ShlA-protein  was  shown  to  generate  transmembrane  channels 
in  erythrocytes.  To  study  these  pores  in  more  detail,  bilayer 
experiments  were  performed  with  purified  hemolysin  as  well  as 
hemolysin  from  freshly  prepared  spent  medium. 

Single  chanel  experiments  found  that  the  ShlA-protein  foimed 
pores  with  an  average  size  of  0.9  nS.  Control  experiments 
with  inactive  ShlA*  and  supernatants  of  uninduced  cells 
showed  no  conductance  under  these  conditions. 

Macroscopic  conductance  measurements  indicated  an  non-linear 
increase  of  conductance  as  a  function  of  time  after  adding 
hemolysin  to  membranes.  This  suggested  pore  formation  by 
hemolysin  oligomers.  Pores  formed  by  monomers  would  yield  a 
linear  dependence. 
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Tetanus  toxin  (TeTx)  and  its  B-fragment  form  voltage 
dependent  ionic  channels  in  planar  lipid  bilayers  (1,3).  In 
contrast,  the  light  chain  and  the  C-fragment  do  not  form 
channels.  It  follows  then,  that  the  channel  forming  domain 
must  be  located  in  the  amino  terminus  of  TeTx  heavy  chain. 
Channel  open-closed  transitions  occurr  in  bursts  of 
activity;  within  a  burst  the  channel  current  undergoes  rapid 
transitions  between  closed  and  open  states. 

The  rate  of  TeTx  incorporation  into  bilayers  is  affected  by 
the  pH  of  ionic  solution.  Ten  fold  higher  concentrations  of 
TeTx  are  necessary  to  detect  single  channel  signals  if  the 
ionic  solution  pH  is  increased  from  pH  4  to  pH  7  in 
phosphatidylserine  (PS)  membranes.  Moreover,  TeTx  channel 
conductance  (in  PS  membranes)  is  three  times  higher  at 
neutral  pH  than  at  pH  4,  in  otherwise  identical  conditions. 
In  contrast,  the  voltage  dependence  of  the  channel  is 
independent  of  pH. 

Channel  conductance  and  voltage  dependence  are  modulated  by 
the  lipid  composition  of  the  membrane  (2).  Conductance 
augments  almost  linearly  with  increases  in  the  content  of 
charged  phospholipid  in  diphytanoylphosphatidylcholine 
(dphPC)  bilayers.  This  effect  can  be  accounted  for  by  the 
enrichment  of  counterion  concentration  at  the  membrane-water 
interface  consequent  the  increase  in  the  membrane  surface 
potential. 

The  phospholipid  composition  of  the  membrane  affects  also 
the  gating  properties  of  the  channel  and  its  kinetics.  In  PS 
membranes,  TeTx  channels  flicker  among  the  closed  state  and 
several  open  states  at  positive  applied  transmembrane 
voltage.  Following  a  switch  of  polarity,  the  channel  closes 
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in  few  milliseconds  and  does  not  reopen  until  the 
transmembrane  potential  is  switched  to  positive  values.  Such 
property  is  clearly  demonstrated  in  I-V  curves  generated  by 
a  continuously  cycled  potential.  The  probability  of  the 
channel  being  open  is  very  high  at  positive  voltages  (P^O) , 
whereas  it  is  almost  zero  during  the  negative  branch  of  the 
cycle.  Similar  properties  were  measured  in  egg  PC.  In 
contrast,  an  opposite  probability  of  channel  opening  was 
observed  when  TeTx  was  incorporated  in  dphPC  membranes.  This 
modulatory  role  of  lipid  membrane  composition  on  TeTx 
channel  gating  is  remarkable  and  has  not  been  hitherto 
reported  for  other  ionic  channels.  Presumably,  phospholipid 
hydrocarbon  chains  influence  channel  gating. 


FIG.l.,  Single  tetanus  toxin  channel  current  records  in 
asolectin  membrane.  Positive  transmembrane  potential 
activate  the  channel,  whereas  when  the  voltage  is  switched 
to  negative  values  the  channel  closes.  The  voltage  of  the 
tetanus  toxin  free  compartment  was  defined  as  the  reference 
voltage.  Ionic  solution  was  0.5  M  KCl,  10  mM  Hepes,  pH  7 


TeTx  channels  undergo  rapid  transitions  into  and  out  from 
several  intermediate  states  between  the  fully  open  state  and 
the  closed  state,  that,  due  to  their  fast  kinetics,  are 
rarely  identified.  Accordingly,  TeTx  channel  states  were 
characterized  by  best  fitting  current  histogram 
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distributions  with  the  sum  of  three  gaussians.  One 
represents  the  closed  state,  the  others  identify  the  full 
open  state  (  ^  »  90  pS  in  PS  membrane)  and  an  intermediate 
lower  conductive  level  (  ^  «  60  pS  in  PS  membranes) .  The 
ability  of  tetanus  toxin  to  form  channels  in  lipid  bilayers 
suggests  possible  mechanisms  for  tetanus  intoxication  based 
on  persistent  depolarization  at  postsynaptic  membrane  level 
after  the  protein  undergoes  internalization  and  retrograde 
axonal  transport. 
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Botulinum  type  A  neurotoxin,  a  145000  dalton  disubunit  protein,  acts 
presynaptically  at  the  neuromuscular  junction  blocking  calcium-mediated 
release  of  the  transmitter  acetylcholine.  Blockade  of  transmitter  release 
Is  accomplished  In  at  least  three  stages:  binding  to  acceptor  molecules  on 
the  presynaptic  nerve  surface,  energy  dependent  Internalisation  and  finally 
one  or  more  steps  In  which  the  transmitter  release  mechanism  Is  disabled. 
There  Is  now  considerable  evidence  that  botullnum  toxin  A  acts  to  block  the 
release  of  a  broad  range  of  transmitter  substances  and  the  neurctoxln  may 
Indeed  act  on  a  process  fundamental  to  all  calclum-medlGced  secretory 
processes.  Recent  studies  on  the  mode  of  action  of  botullnum  type  A 
neurotoxin  using  the  buccal  ganglion  of  Aplysla  as  a  model  suggest  that 
active  site  regions  on  both  the  light  subunit  and  the  carboxy-termlnal  half 
of  the  heavy  chain  (Hi  fragnent)  are  Involved  In  the  intracellular  blockade 
of  calcium-mediated  transmitter  release  (1). 

The  rat  adrenal  pheochrumocytoma  cell  line  PC12  releases  both 
acetylcholine  and  noradrenaiin  In  a  calcium-dependent  manner  thus  making  It 
an  excellent  model  for  the  study  of  the  mode  of  action  of  botullnum  type  A 
neurotoxin.  In  the  presence  of  high  potassium  concentrations  (60niM),  PC 12 
cells  loaded  with  [^H]  noradrenaiin,  release  the  transmitter  In  a  calcium 
dependent  manner. 

Incubation  of  intact  PC12  cells  with  botullnum  type  A  neurotoxin  for 
16  hours  at  37° C  markedly  reduced  the  calcium  dependent  release  of 
noradrenaiin.  Inhibition  of  transmitter  release  was  evident  at  toxin 
concentrations  of  30nM.  At  toxin  concentrations  of  IpM,  between  72  -  83* 
of  the  calcium  dependent  release  was  Inhibited.  In  the  presence  of  an 
excess  of  botullnum  type  A  specific  antibody  the  inhibitory  effect  of  the 
neurotoxin  was  abolished.  The  toxin  had  very  little  affect  on  the  calcium 
independent  transmitter  release  and  did  not  appear  to  affect  significantly 
the  uptake  of  noradrenaiin  by  the  PC12  cells. 

The  presence  of  acceptors  for  botullnum  type  A  neurotoxin  on  PC12 
cells  was  investigated  using  ’ 25 j- label toxin.  The  binding  of  labelled 
toxin  to  PC12  cells  grown  on  collagen  was  measured  using  concentrations  of 
[i2Si]-neurotox1n  of  InM  and  10nM  In  the  presence  and  absence  of  a 
100-molar  excess  of  cold  toxin.  No  specific  saturatable  binding  was 
observed  to  PC12  cells  at  either  toxin  concentration  suggesting  either  the 
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complete  absence  of  acceptors  or  the  presence  of  very  few  acceptor 
molecules  per  cell.  The  presence  of  small  quantities  of  a  high  affinity 
acceptor  seem  unlikely  in  view  of  the  relatively  high  toxin  concentrations 
required  to  induce  intoxication.  Similar  results  were  obtained  with  PC12 
cells  treated  with  nerve  growth  factor  for  up  to  28  days. 

Supportive  of  the  lack  of  acceptors  is  the  long  time  course  required 
for  intoxication.  Blockade  of  transmitter  release  was  not  observed  for 
4-6  hrs  in  the  presence  of  IpH  neurotoxin  and  did  not  reach  a  maximum  for 
iO-16  hrs.  Collectively  the  data  suggest  the  absence  of  high  affinity 
acceptors  for  botulinum  toxin  on  PC12  cell  even  after  prolonged  treatment 
with  nerve  growth  factor. 

Various  fragments  of  botulinum  type  A  neurotoxin  were  tested  for  their 
ability  to  block  transmitter  release  from  PC12  cells.  Neither  the  heavy 
subunit  nor  the  HzL  fra^nent,  which  contains  the  light  subunit  linked  to 
the  amino-terminal  half  of  the  heavy  chain  (2),  were  effective  in  blocking 
noradrenalin  release  from  PC12  cells.  A  combination  of  both  these 
fra^nents  was  similarly  ineffective.  The  inability  of  the  HzL  fragment  to 
block  transmitter  release  was  not  due  to  damage  to  the  light  chain 
component  by  trypsin  (used  in  the  production  of  the  fragment  (2))  since 
light  chain  purified  from  this  fragment  could  be  successfully  reconstituted 
with  heavy  chain  to  give  the  active  toxin. 

Using  ’^sj-TabeTled  HaL  fragnent  no  difference  in  the  amount  of  cell 
associated  fragment  compared  to  the  intact  neurotoxin  was  observed  after  8 
hours  incubation  with  PC12  cells  suggesting  little  difference  in  the  extent 
of  the  internalisation  between  the  two  proteins. 

CONCLUSIONS 

Botulinum  type  A  neurotoxin  effectively  blocks  the  calcium-dependent 
release  of  noradrenalin  from  intact  PC12  cells.  Approximately  1 
neurotoxin  was  required  to  achieve  an  803.  reduction  in  transmitter  release. 

No  high  affinity  acceptors  on  the  PC12  cells  were  apparent  even  after 
prolonged  treatment  with  nerve  growth  factor.  This  apparent  lack  of 
acceptors  is  reflected  in  the  relatively  high  concentration  of  neurotoxin 
required  to  produce  blockade  of  transmitter  release. 

Neither  the  H2L  fragment  nor  heavy  chain  had  any  effect  on  the  release 
of  noradrenalin  from  PC12  cells  suggesting  that  both  the  light  chain  and  Hi 
portion  of  the  heavy  chain  play  a  role  in  the  intracellular  action  of  the 
toxin. 

Previous  studies  suggest  that  the  Hi  fragment  of  type  A  neurotoxin  is 
involved  in  acceptor  binding.  In  view  of  the  apparent  lack  of  external 
acceptors  on  PC12  cells  a  secondary  role  must  be  predicted  for  this 
fragnent.  One  possibility  is  that  HI  fragnent  directs  the  neurotoxin  into 
the  relevant  internal  cellular  compartment.  A  direct  action  of  the  Hi 
fragnent  on  the  calcium-dependent  release  mechanism  is  also  a  possibility. 
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INTfiOIXJCTION 

a-latrotoxin  (aLTx)  from  black  widow  spider  venom  is  a  presynaptic 
neurotoxin  which  stimulates  neurotransmitter  release  via  both  a  Ca2+ 
dependent  arxi  a  Ca2+  irxieperxient  mechanism  (1).  Tetanus  toxin  (TT) ,  the 
neurotoxin  from  Clostridium  tetani  has  the  opposite  effect  as  it 
inhibits  neurotransmitter  release.  We  have  studied  the  effect  of  TT  on 
aLTx  induced  dopamine  release  in  an  NGF-differentiated  cell  line  highly 
sensitive  to  IT  (2). 


METHODS 

Dopamine  release  measurements  were  made  in  Richelson’s  medium  on 
adherent  PC-12  cells  which  had  been  differentiated  for  8-11  days  with 
NGF.  Tetanus  toxin  was  added  directly  to  the  growth  medium  and  was 
removed  before  cells  were  labelled  for  2  hours  with  3H  dopamine. 


RESULTS 


LONG  TERM  TETANUS  EFFECT 


Figure  1. 
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Preincubation  of  NGF  differentiated  PC-12  cells  with  200  nM  tetanus 
toxin  for  4  hours  caused  significeint  inhibition  of  aLTx  (0.1  nM) 
induced  dopamine  release  (Fig.l).  Tetanus  toxin  appears  to  decrease 
the  total  amount  of  dopamine  released  without  affecting  the  overall 
kinetics  of  release. 


TETANUS  EFFECT  ON  EVOKED  DA  RELEASE 


Figure  2. 


The  inhibition  by  TT  is  already  clearly  visible  at  10  nM  TT  (30% 
inhibition)  after  an  overnight  incubation,  and  is  both  time  and  dose 
dependent  (Fig  2).  However  there  is  a  considerable  fraction  of  aLTx- 
stimulated  release  lAich  remains  apparently  insensitive  to  TT’s 
inhibitory  effect  (approx.  40%  at  0.2  nM  aLTx). 


Figure  3. 


An  overnight  incubation  with  150  nM  TT  causes  a  clear  shift  in  the  aLTx 
dose-response  curve  (Fig  3).  In  addition,  at  concentrations  of  aLTx 
above  1  nM  the  fraction  of  release  inhibited  by  TT  becomes  fairly  small 
and  explains  why  in  these  conditions  aLTx  would  indeed  appear  to 
override  tetanus  toxin  inhibition,  as  has  been  described 
previously ( 3,4). 

Conclusion:  aLTx-stimulated  dopamine  release  has  at  least  two 

components,  one  which  is  TT  sensitive  and  the  other  which  is  TT 
insensitive. By  determining  which  pathway  (Ca2+  dependent  or 
independent)  is  inhibited  we  can  learn  more  about  the  site  of  action  of 
TT  eind  the  multiple  intracellular  pathways  leading  to  neurosecretion. 
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INTRODUCTION 

Tetanus  toxin  is  a  potent  neurotoxin  produced  by  Clostridium  tetar.i.  Tetanus 
toxin  intoxicates  cells  by  inhibiting  the  release  of  ncuroiransmittcr.  The 
molecular  basis  of  intoxication  by  tetanus  toxin  is  poorly  understood.  The 
neural  lobe  of  the  pituitary  secretes  two  neuropeptide  hormones,  oxytocin, 
and  vasopressin.  Recently,  Nordmann  and  coworkers  demonstrated  that 
isolated  nerve  endings  (neurosecretosomes)  prepared  from  the  neural  lobe  of 
male  rat  pituitaries  retain  the  ability  to  secrete  vasopressin  and  oxytocin  in  a 
calcium-dependent  fashion  in  response  to  various  stimuli.  We  have  examined 
the  effect  of  tetanus  toxin  on  hormone  release  from  neurosecretosomes  (NSS). 
The  data  presented  here  demonstrate  that  in  NSS,  tetanus  toxin  is  a  potent 
inhibitor  of  hormone  release. 

MATERIALS  AND  METHODS 

Neurointermediate  lobes  were  dissected  from  pituitaries  of  male  rats,  and 
rinsed  with  modified  Ringer’s  solution.  Neurosecretosomes  were  prepared 
according  to  the  method  of  Cazalis  et  al.,  and  incubated  18-24  hours  in 
Ringer's  solution  in  the  presence  or  absence  of  tetanus  toxin.  This 
preparation  consists  mostly  of  purified  nerve  endings  (neurosecretosomes). 
The  ability  of  the  NSS  to  release  vasopressin  (VP)  or  oxytocin  (Or>  in  response 
to  various  stimuli  was  measured  in  a  perfusion  experiment.  Briefly,  the  NSS 
were  loaded  onto  a  0.45  pm  pore,  13  mm  diameter  Millex-HV  filter,  and 


268  •  J.L.  Halpern  etal. 


perfused  with  Na-frce  (Na  replaced  with  N-methyl-D-glucamine)  Ringer’s 
solution  at  a  flow  rate  of  0.1  ml/min.  After  a  40  minute  wash  period,  the 
perfusate  was  collected  in  10  minute  time  intervals.  The  NSS  were  stimulated 
with  Ringer's  solution  containing  30  mM  K***  for  10  minutes.  The  perfusate 
was  assayed  for  OT  or  VP  by  radioimmunoassay.  The  amount  of  hormone 
released  during  the  stimulation  is  expressed  as  the  percent  of  total  hormone 
present  in  the  NSS  at  the  beginning  of  the  experiment. 

RESULTS  AND  DISCUSSION 

When  NSS  were  incubated  with  tetanus  toxin  overnight,  depolarization- 
evoked  release  of  oxytocin  and  vasopressin  was  inhibited.  The  effect  of 
tetanus  toxin  was  dose-dependent.  Approximately  10%  inhibition  was  seen 
with  0.01  pg/ml,  and  maximal  inhibition  was  reached  at  ~1  pg/ml.  Tetanus 
toxin  which  was  pre-incubated  with  a  neutralizing  monoclonal  antibody  or 
heated  to  100  "C  had  no  effect  on  hormone  release. 

The  inhibition  of  hormone  release  by  tetanus  toxin  may  be  related  to  a 
inhibition  of  the  rise  of  intracellular  calcium  in  response  to  depolarizing 
stimuli.  The  rise  in  intracellular  calcium  is  essential  for  exocytosis.  To  test 
this,  two  ionophores  which  arc  known  to  increase  intracellular  Ca’*’*  were 
examined  for  their  effect  on  NSS  that  had  been  treated  with  5  pg/ml  tetanus 
toxin  for  18  hours.  A23187  and  ionomycin  (10  pM  each)  were  more  effective 
secretagogues  in  control  NSS  than  45  mM  K^,  but  were  not  able  to  stimulate 
secretion  in  NSS  that  had  been  treated  with  2  pg/ml  tetanus  toxin.  Tetanus 
toxin  may  be  preventing  the  ionophore  induced  rise  in  Ca'^'^,  or  the  increase 
in  Ca**  due  to  the  ionophores  may  not  be  sufficient  to  overcome  the  block 
caused  by  tetanus  toxin.  Further  experiments  arc  being  conducted  to  address 
this  question. 
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INTRODUCTION 

Tetanus  toxin  is  an  inhibitor  of  the  release  of  catecholamines  evoked 
by  nicotine  from  bovine  adrenal  chromaffin  cells  (which  develop  from 
the  neuronal  crest)  (1,2),  Although  other  authors  (e.g.  2,3)  have 
reported  that  the  toxin  is  inactive  with  intact  cells,  and  has  to  be 
Introduced  into  them  by  microinjection  or  by  permeabilizing  the  cells, 
we  find  that  this  is  not  necessary. 


MATERIALS  AND  METHODS 

Toxin  was  Incubated  overnight  with  primary  cultures  of  bovine  adrenal 
chromaffin  cells  (grown  for  between  U  and  7  days  in  Dulbecco's 
modified  Eagle's  medium);  Che  cells  were  then  washed  once  with  Locke's 
solution  (154  mM  NaCl,  5.6  mM  KCl,  5.6  mM  glucose,  5  mM  HEPES ,  2.2  mM 
CaCl2,  12  mM  MgSO^) ,  pH  7.6,  stimulated  with  10  nicotine  for  10  min 
at  room  temperature,  and  lysed  with  1%  Triton.  Released  endogenous 
catecholamines  were  measured  fluorlmetrically  (4). 


RESULTS  AND  DISCUSSION 

The  figure  shows  the  inhibition  by  un-nicked  tetanus  toxin  of  the 
release  of  catecholamines  from  intact  adrenal  cells;  50%  of  maximum 
inhibition  was  obtained  at  about  1  pg/ml  (7  nM) .  Results  were 
essentially  the  same  with  intact  or  "nicked"  (two  chains)  toxin, 
perhaps  because  of  proteolytic  activity  in  the  toxin  preparation  or  in 
the  cell  culture.  The  maximum  Inhibition  ever  obtained  was  about  70% 
(with  70  nM  toxin),  possibly  because  some  secretory  granules  are 
already  coo  close  to  the  cell  membrane  for  their  exocytosis  to  be 
affected  by  toxin.  The  time  course  of  this  Inhibition  is  relatively 
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slow:  very  little  effect  was  seen  after  incubation  with  toxin  for  10  h 
or  less.  Preincubation  with  ganglioside  GTl  did  not  consistently 
Increase  the  inhibition:  indeed,  ganglioside  alone  at  <10  /ig/nil 
significantly  inhibited  nicotine-evoked  exocytosis. 

Dose  Response  Curve 


log  (tetanus  toxin,  }ig/ml] 

We  (and  others,  e.g.  2)  have  not  been  able  to  show  any  high-affinity 
binding  of  toxin  to  these  cells.  However  the  toxin 

concentrations  that  are  active  are  comparable  to  those  found  effective 
in  intact  PC12  cells  (5)  and  considerably  lower  than  is  required  with 
penncabilized  adrenal  cells  (our  published  results  and  3,6). 

These  results  do  no't  agree  with  several  other  authors  who  find  the 
toxin  to  be  ineffective  with  intact  cells.  We  have  found  inhibition 
in  many  experiments  over  two  years,  but  not  with  every  cell 
preparation  that  we  try.  It  may  be  that  some  as  yet  undiscovered 
property  of  the  cells  can  affect  the  response  (cf  PC12  cells  which  are 
responsive  to  toxin  only  when  grown  for  some  time  in  the  presence  of 
NGF,  6).  A  possibly  important  difference  in  our  methods  is  that  we 
measure  directly  the  release  of  endogenous  catacholamines ,  where 
others  measure  the  release  of  [ ^H] -labelled  catecholamine  with  which 
the  cells  have  been  prelabelled. 

We  are  grateful  to  the  Wellcome  Trust  for  a  grant. 
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In  addition  to  botulinum  C2  toxin  which  ADP-ribosylates  actin, 
certain  strains  of  Clostridium  botulinum  type  C  and  D  produce 
the  ADP-ribosyltransf erase  C3  (3)  .  C3  has  a  molecular  weight 
of  about  25  kDa  and  is  functionally  and  structurally  distinct 
from  botulinum  neurotoxins  (1-4,  6).  C3  ADP-ribosylates  21-24 
kDa  GTP-binding  proteins  in  all  tissues  studied  so  far.  Here 
we  report  on  the  purification  of  the  protein  substrate  of  C3 
and  on  the  biological  activity  of  C3  transferase. 

The  substrate  of  C3  was  purified  from  the  porcine  brain 
cytosol  by  acetone  precipitation,  CM-Sephadex,  octyl-Sepharose 
and  TSK  Phenyl-5PW  HPLC  chromatography  to  apparent 
homogeneity.  Purification  was  about  4000-fold  with  a  recovery 
of  about  2.3  %,  About  0.6  mol  ADP-ribose/mol  purified  protein 
was  incorporated  by  C3.  The  purified  C3  substrate  binds  GTP 
and  possesses  GTPase  activity.  Amino  acid  sequence  determined 
from  two  tryptic  peptides  of  the  ADP-ribosylatea  substrate 
covered  corresponding  sequences  of  the  human  rho  protein. 
Furthermore,  rho  A  protein  expressed  in  Ej.  coli  was  ADP- 
ribosylated  by  C3.  Antibodies  raised  against  the  purified  C3 
substrate  from  porcine  brain  cytosol  recognized  rho  protein 
expressed  in  coli  but  no  other  GTP-binding  proteins.  All 
these  findings  indicate  that  the  rho  protein  is  a  substrate  of 
C3. 


ADP-ribosylation  by  C3  neither  influenced  guanine  nucleotide 
binding  nor  GTP  hydrolysis  by  purified  C3  substrate  or  coli 
expressed  rho .  Recently,  it  has  been  shown  that  rho  associated 
GTPase  activity  is  severalfold  increased  by  a  specific  rho 
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GTPase-stimulating  protein  (rho-GAP)  (5).  Therefore,  the  in¬ 
fluence  of  ADP-ribosylation  was  studied  on  rho  GTPase  in  the 
presence  of  GAP  from  human  spleen.  However,  GAP  stimulated 
GTP  hydrolysis  of  control  and  ADP-ribosylated  rho  to  the  same 
extent. 

In  order  to  get  more  insight  into  the  pharmacological  actions 
of  C3,  the  ADP-ribosyltransf erase  was  microin jected  into 
XenoDUS  oocytes.  Xenopus  oocytes  are  arrested  in  the  prophase 
of  meiosis  and  can  be  triggered  to  undergo  meiosis  by 
treatment  with  progesterone.  Injection  of  C3  induced  the 
migration  and  the  breakdown  of  the  germinal  vesical  of  Xenopus 
oocytes.  Progesteron-induced  maturation  was  largely 
accelerated  by  C3.  These  effects  were  apparently  caused  by 
ADP-ribosylation  since  coinjection  of  [s*P]NAD  labelled  an 
about  22  kOa  protein. 

Microinjection  of  C3  into  Swiss  3T3  cells  resulted  in  dramatic 
changes  in  the  morphology  of  cells.  C3  induced  rounding  up  of 
cells  in  a  dose  dependent  manner.  This  effect  was  not  due  to  a 
possible  contamination  with  the  cytotoxic  botulinum  C2  toxin. 
Antibodies  directed  against  C2  toxin  blocked  the  cytotoxic 
effects  of  microin jected  C2.  In  contrast,  the  C3-induced 
morphological  changes  were  not  affected. 

The  data  available  indicate  that  C3  modifies  the  GTP-binding 
ras-related  protein,  rho.  and  suggest  that  rho  is  involved  in 
the  regulation  of  the  cytoskeleton. 
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Various  clostridial  toxins  possess  ADP-ribosyltransferase 
activity.  Among  these  toxins  are  Clostridium  oerfrinaens  iota 
and  Clostridium  botulinum  C2  toxin.  Both  toxins  belong  to  a 
new  class  of  actin-ADP-ribosylating  toxins  (1,3).  Iota  toxin 
and  C2  toxin  are  binary  in  structure  and  consist  of  two  non- 
linked  protein  components.  Component-I  possesses  ADP- 
ribosyltransf erase  activity,  component-II  is  responsible  for 
binding  of  the  toxin  to  the  eukaryotic  cell  surface.  In  order 
to  elicit  the  toxic  effects  on  intact  cells  both  components 
have  to  act  together.  The  substrate  of  iota  and  C2  toxin  is 
monomeric  G-actin,  not  polymerized  F-actin.  The  toxins  differ 
in  their  substrate  specifity;  Whereas  C2  toxin  ADP-ribosylates 
only  the  non-muscle  isoforms  of  actin,  iota  toxin  modifies 
skeletal  and  non-muscle  actin.  Interestingly,  both  toxins  ADP- 
ribosylate  actin  in  Arg-177  (4) . 

The  ADP-ribos''lation  of  actin  causes  functional  effects:  The 
modified  actin  loses  its  ability  to  polymerize.  Furthermore, 
the  ADP-ribosylated  actin  inhibits  the  fast  polymerization  at 
the  barbed  end  of  actin  filaments  like  a  capping  protein  (5). 
Recently,  it  has  been  shown  that  the  ADP-ribosylation  of 
skeletal  and  non-muscle  actin  inhibits  the  actin  ATPase  (2)  . 
Inhibition  of  ATP  hydrolysis  correlates  with  the  toxin-induced 
ADP-ribosylation  of  actin.  The  reduction  of  ATPase  activity  is 
not  simply  due  to  the  inhibition  of  actin  polymerization: 
First,  impairment  of  ATP  hydrolysis  was  observed  at 
concentrations  below  the  critical  actin  concentration.  Second, 
ADP-ribosylation  block'^d  ATP  hydrolysis  of  DNAse-I-bound 
actin.  This  complex  is  incapable  of  polymerization.  Third, 
ATPase  activity  stimulated  by  cytochalasins  was  inhibited  by 
ATPase.  ADP-ribosylation  did  not  affect  the  binding  of 
cytochalasins  to  actin.  All  these  findings  strongly  indicate 
that  ADP-ribosylation  inhibits  the  ATPase  of  monomeric  actin. 
Under  certain  conditions  cholera  toxin  and  pertussis  toxin 
catalyze  the  reverse  reaction  of  ADP-ribosylation.  Therefore, 
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we  studied  the  reversal  of  actin  ADP-ribosylation  by 
clostridial  toxins.  In  the  presence  of  a  high  concentration  of 
nicotinamide  and  at  low  pH  the  clostridial  toxins  caused  the 
reversal  of  ADP-ribosylation  and  formation  of  NAD.  The  reverse 
reaction  was  more  effective  after  removing  of  NAD  by  NADase 
treatment  or  by  gel  filtration.  Under  optimal  conditions  (pH 
6.5;  30  mM  nicotinamide)  incorporated  ADP-ribose  was  cleaved 
by  about  70%  .  The  reversal  of  actin  ADP-ribosylation  was 
specific,  since  the  cleavage  of  the  ADP-ribose-actin  bound  was 
inhibited  in  the  presence  of  toxin  antibodies.  Exclusively  NAD 
but  no  other  nucleotides  were  formed.  The  reverse  reaction  was 
accompanied  by  functional  reconstitution  of  '  actin  ATPase 
activity.  The  decrease  of  ATP-ribose  attached  to  actin  is 
correlated  with  an  increase  in  ATP  hydrolysis. 

The  actin  isoform  specifity  of  the  C2  toxin  induced  by  ADP- 
ribosylation  was  also  valid  for  its  reverse  reaction:  ADP- 
ribosylation  of  s)celetal  muscle  actin  by  iota  toxin  was  not 
reversed  by  C2  toxin.  In  contrast,  non-muscle  actin  ADP- 
ribosylated  by  iota  toxin  or  C2  toxin  was  cleaved  by  either 
toxins . 
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Clostridia  produce  numerous  protein  toxins.  Up  to  now,  the  molecular  ba¬ 
sis  of  their  mechaniiji  of  action  are  only  known  for  few  of  them.  ADP  ri- 
bosylatlon  seems  a  common  molecular  mechanism  for  many  Clostridia  toxins. 
The  substrates  of  Clostridia  ADP  rlbosylating  toxins  are  either  G  actin 
which  is  an  ATP  binding  protein,  or  a  p21  CTP  binding  protein  (rho)  which 
is  the  substrate  of  botulinum  C3  ADP  ribosyl  transferase  (2). 

The  first  ADP  rlbosylating  toxin  described  was  botulinum  C2  toxin.  This 
toxin  is  produced  by  certain  strains  of  0.  botulinum  C  and  D,  it  is  not 
a  neurotoxin  but  instead  increases  intestinal  secretion,  vascular  permea¬ 
bility  and  causes  hypotensive  effects.  It  was  shown  that  non-nuscle  G- 
actln  is  the  substrate  for  ADP  ribosylatlon  by  botulinum  C2  toxin  (1). 

ADP  ribosylated  actin  is  unable  to  polymerize,  and  the  dynamic  equili¬ 
brium  between  G  and  F  actin  in  the  cell  is  disturbed.  Like  other  ADP  ribo - 
sylatlng  toxins,  botulinum  C2  toxin  is  a  binary  toxin  consisting  of  two 
components  C2-I  and  C2-II  with  molecular  weights  of  45  and  80  kDa  respec¬ 
tively,  which  are  neither  linked  by  covalent  nor  disulfide  bonds. 

Recently,  it  has  been  demonstrated  that  the  iota  toxin  secreted  by  C.  per- 
fringens  E  has  a  structure  and  activity  similar  to  C.  botulinum  C2  toxin 
(5,7).  We  have  now  shown  that  several  C.  splroforme  strains  produce  also 
a  toxin  closely  related  to  C.  perfringens  E  lota  toxin.  Iota  and  C.  spi- 
roforme  toxins  consist  of  a  light  chain  {ia  and  sa  (MW  44  kDa)}  and  a 
heavy  chain  {lb  (MW  67  kDa)  and  sb  (MW  76  kDa) }  respectively.  The  light 
chain  ADP  rlbcsylates  non  muscle  G-actin  and  the  heavy  chain  which  is  ac¬ 
tive  after  partial  proteolysis,  allows  the  light  chain  to  penetrate  and 
intoxicate  the  target  cells  (3,6).  Moreover,  we  have  found  that  one  C. 
difficile  strain  (CD  196)  exhibits  an  ADP  ribosyl  transferase  activity 
(CDT)  analogous  to  the  light  chains  of  lota  and  C.  splroforme  toxin  (4). 
But  no  heavy  component  has  been  found  in  this  particular  strain. 

Using  12%  PAGE  with  0.1%  SDS  and  Western  blotting,  Clostridia  ADP  rlbosy¬ 
lating  toxins  might  be  classified  in  two  groups  :  the  first  one  consists 
of  botulinum  C2  toxin  while  the  second  encompasses  lota,  C.  splroforme 
toxin  and  CDT  (and  called  C2-llke  toxins)  . 
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Antibodies  against  botulinum  C2-I  only  recognize  botulinum  C2-I,  anti¬ 
bodies  against  ia  or  sa  however  indistinguishly  recognize  ia,  sa  and  CDT 
but  not  botulinum  C2-I.  Accordingly  immunological  cross  reactions  between 
ib  and  sb  are  observed,  but  antibodies  against  botulinum  C2-II  only  react 
with  botulinum  C2-1I.  Moreover,  we  observed  a  cross  complementation  bet¬ 
ween  the  light  and  heavy  chains  for  biological  activities  (cytotoxicity 
on  Vero  cells,  mouse  lethality)  within  the  members  of  C2-like  toxins  ; 
ia,  sa  and  CDT  can  Interact  with  ib  or  sb  to  produce  biological  activi¬ 
ties,  but  botulinum  C2-1  only  interact  with  C2-II. 

We  have  studied  the  cell  entry  of  C.  spiroforme  toxin  in  Hep  2  cells. 
Ammonium  chloride  (10  to  30  mM)  and  low  temperature  (15“C)  do  not  block 
C.  spiroforme  toxin  activity  but  potassium  depletion  which  blocks  coated 
pit  formation  prevents  the  cytotoxicity  Induced  by  C.  spiroforme  toxin. 
From  these  data,  we  suggest  that  the  C.  spiroforme  binary  toxin  might 
enter  the  cytosol  by  the  coated  pit  coated  vesicles  pathway.  Since  this 
toxin  does  not  require  an  acidic  compartment  as  shown  by  the  lack  of  ac¬ 
tivity  of  ammonium  chloride,  it  might  gain  entry  into  the  cytosol  before 
or  during  transfer  to  early  endosomes.  The  absence  of  temperature  block, 
suggests  that  routing  of  the  toxin  to  a  more  central  cell  compartment 
(i.e.;  golgl,  ER,  lysosomes)  is  not  required  for  toxin  entry.  Therefore 
C.  spiroforme  toxin  may  be  transferred  into  the  cytosol  in  the  vicinity 
of  the  cell  periphery  where  G  actin  is  mostly  localized  (especially  in 
intestinal  brush  border  cells)  and  therefore  could  be  in  close  proximity 
of  its  target  molecule. 
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INTRODUCTION 

Clostridium  difficile  produces  at  least  two  different  protein 
toxins,  named  toxins  A  and  B,  implicated  in  the  pathogenesis  of  the 
pseudomembranous  colitis  (1).  Toxin  A  elicits  severe  epithelial  damages 
when  Injected  Into  rabbit  Ileal  loops,  while  toxin  B  appears  to  be 
devoid  of  enterotoxic  activity  (1).  Both  toxins  Induce,  in  different 
degrees,  cytophatogenlc  effects  In  tissue  cultured  cells  (2).  Results 
obtained  by  a  comparative  study  on  the  effects  of  these  toxins  on 
different  cultured  cell  lines  are  here  reported. 


MATERIALS  AND  METHODS 

Toxins  were  purified  as  previously  described  (3).  Different  epithe¬ 
lial  cell  lines  (HeLa,  HEp2  and  CG5) ,  were  treated  with  different  doses 
of  toxin  A  and  toxin  B.  In  consideration  of  the  results  obtained  only 
doses  of  4  ug/ml  of  toxin  A  and  0.15  ug/ml  of  toxin  B  are  here  reported. 
For  fluorescence  microscopy  and  scanning  electron  microscopy  (SEM) 
samples  were  processed  as  previously  described  (2).  Briefly,  cells  were 
fixed  with  paraformaldehyde  and  permeated  with  Triton  X-100  for  fluore¬ 
scence  studies  on  cytoskeleton  and  fixed  with  glutaraldehyde,  crltlcal- 
point-drled  with  CO,  and  gold  coated  by  sputtering  for  cell  surface 
studies  by  SEM. 


RESULTS 

Exposure  of  cell  monolayers  to  0.15  ug/ml  toxin  B  Induced  cell 
retraction,  cell  rounding  and  the  formation  of  bulb-like  structures  on 
the  cell  surface.  The  bleb  matrix  appeared  to  be  filled  with  ribosomes 
and  devoid  of  other  cell  organelles;  F-actln  was  completely  absent  as 
well  as  intermediate  filament  types  keratin  and  vlmentln;  the  actin-bln- 
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ding  proteins,  alpha-actlnln  and  filanln,  and  tubulin  were  revealed  by 
Inmunocytochemlcal  staining.  Human  cell  lines  exhibited  a  different 
sensitivity  undergoing  multiple  surface  protrusions  In  different  extent 
(TABLE  1} .  Toxin  A  treatment  (4  ug/ml)  of  cultured  epithelial  cells 
Induced  a  characteristic  series  of  morphological  changes  mainly  repre¬ 
sented  by  cell  rounding  and  subsequent  nuclear  displacement.  Cytochala- 
sln  B  and  phalloldln  were  Ineffective  In  protecting  the  cells  against 
toxin  while  demecolcln  completely  Inhibited  the  nuclear  polarization 
(Table  II).  The  mlcrofllaments  and  the  Intermediate  filament  type 
vlmentln  were  localized  In  the  Golgi  area  near  the  nucleus  whereas 
tubulin  was  diffused  In  the  cytoplasm  and  still  organized  In  a  thin 
meshwork  around  the  nucleus. 


TABLE  I  TABLE  II 


(a) 

(b) 

(a) 

(b) 

HcLa  « • • 

. . . lOOX 

52 

Cytochalasln  B 

...1002 

1002 

HEp2.... 

...1002 

302 

Phalloldln . 

...1002 

1002 

CG5 . 

...1002 

352 

Demecolcln . 

...1002 

52 

TABLE  I.  Percentage  of  roundish  (a)  and  blebblng  cells  (b)  In  different 
cell  lines  after  toxin  B  treatment  (0.15  ug/ml). 

TABLE  II.  Percentage  of  cells  with  roundish  shape  (a)  or  nuclear  displa¬ 
cement  (b)  after  toxin  A  treatment  (4  ug/ml). 


DISCUSSION 

Both  toxins  caused  cell  retraction  and  rounding  In  all  cell  types 
considered  and  seemed  to  exert  their  effect  on  cell  morphology  via  a 
rearrangement  of  some  cy'.oskeletal  components.  However,  differences  have 
been  observed  among  the  various  cell  lines  after  exposure  to  toxin  B. 
This  could  also  depend  on  different  adhesion  pattern  and  on  Intercellu¬ 
lar  relationships  as  well  as  on  differences  In  cytoskeletal  organiza¬ 
tion.  Furthermore,  the  toxin  B-lnduced  blebblng  and  the  toxin  A- Induced 
nuclear  polarization  seem  to  depend  on  different  cytoskeletal  elements 
(2).  In  particular,  toxin  B  probably  exerts  Its  cytotoxic  action  by  an 
Impairment  of  the  relationships  between  actln  and  actln-bindlng  proteins 
while  the  displacement  of  the  nucleus  caused  by  toxin  A  appears  to 
require  the  microtubular  apparatus  Integrity  and  function.  Hence,  a 
different  mechanism  could  be  considered  for  C.  difficile  toxins  playing 
a  role  In  the  cytopathogenesls  of  the  disease. 
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SUmARY 

Fraqaent  A  of  diphtheria  toxin  <DT-A)  was  treated  with  the  histidine 
reaqent  diethvlpvrocarbonate  (DEPC)  (Doainici  et  al..  1985).  This 
treatment  caused  specific  aodification  of  His-21.  the  sinqle  histidine 
residue  present  in  DT-A,  without  aodification  of  other  residues.  Parallelv 
to  UEPC  aodification.  DT-A  loses  its  NAD-olvcohvdrolase  and  ADP- 
ribosyltransferase  activities.  NAD*  and  adenine  are  equally  effective  in 
protectinq  DT-A  from  DEPC  aodification.  while  adenine  is  uneffective.  The 
pH-dependence  of  DEPC  aodification  and  of  NAD*  bindinq  indicate  that  the 
pKa  of  histidine  21  of  DT-A  is  around  6.3. 

Key  words:  diphtheria  toxin;  NAD*  bindinq:  histidine:  pH  dependence 

iimioDucrioN 

Diphtheria  toxin  (DT),  the  clinical  aqent  of  diphtheria,  is  produced 
by  pathoqenic  strains  of  Corvnebacterium  diphtherJae  as  a  sinqle  chain  of 
58  kDa  IPappenheiaer,  1977).  Proteases  cleave  DT  at  a  sinqle  site  vieldinq 
two  chains:  A  (21,164  Da)  and  B  <37.194  Da).  Fraqaent  A  is  an  enzyme  that 
ADP-ribosylases  specifically  EF-2  with  a  consequent  block  of  cellular 
protein  synthesis  (Pappenheiaeir,  1977).  DT-A  also  possesses  a  NAD*- 
qlycohydrolase  activity  and  binds  NAD*  at  a  sinqle  site  with  hiqh  affinity 
(Kandei  et  al..  1974).  There  is  evidence  that  Lvs-39  and  Glu-148  interact 
directly  with  NAD  (Carrol  &  Collier.  1984;  Zhao  &  London,  1988). 

Here  we  present  evidence  that  His-21  is  at  the  NAD  bindino  site  of  DT 
and  that  its  pKa  value  is  around  6.3. 

RESULTS  AND  DISCUSSION 

Treatment  of  DT-A  with  80  pMolar  DEPC  at  25*C  leads  to  the 
modification  of  around  75  %  of  the  histidine  of  DT-A  within  10  min.  as 
determined  by  foilowinq  the  increase  of  absorbance  at  243  nm.  which  is 
diaqnostic  of  the  formation  of  N-carbethoxvhistidine.  DEPC  is  rapidly 
hydrolysed  in  water  and  a  complete  modification  of  DT-A  is  attained  after 
a  further  addition  of  80  uMolar  reaqent.  When  1  histidine  residue  per  DT-A 
is  modified,  no  other  residue  appear  to  have  been  modified  bv  the  DEPC 
treatment . 

Parallelv  to  histidine  modification.  DT-A  loses  both  its  NAD- 
qlycohvdrolase  and  ADP-ribosvltransferase  activities.  Since  His-21  is  the 
sole  histidine  present  in  DT-A.  these  results  indicate  that  His-21  is 
important  for  the  activity  of  DT-A. 

To  try  to  localize  this  residue  with  respect  to  the  functional  sites 
of  DT.  we  perforced  a  series  of  protection  experiments,  where  OT-A  was 
treated  with  DEPC  in  the  presence  of  NAD*  and  of  its  various  moieties 
known  to  be  competitive  inhibitors  of  DT-A  activity  and  NAD*  bindinq.  He 
found  that,  while  adenosine  was  as  effective  as  NAD*  in  protectinq  DT-A 
from  histidine  modification,  adenine  was  without  effect. 
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This  result,  tcxiether  with  an  inspection  of  the  available  30  structure 
of  the  closely  related  exotoxin  A  secreted  bv  F.  aeruginosa  exotoxin  A. 

indicate  that  the  ribose  qrouo  of  adenosine  and  of  NAD*  is  involved  in  an 

interaction  with  the  imidazole  rinq  of  histidine*21 . 

By  performinq  DEPC  modification  at  different  pHs  and  bv  plottino  the 
corrected  rates  of  modification  at  the  various  pHs  versus  pH.  it  was 
found  that  His-21  has  a  pKa  around  6.3.  The  same  result  was  found  bv 
applyinq  the  analysis  of  Dixon  (1953)  at  the  bindinq  of  NAD*.  This 

analysis  also  showed  that  protonation  of  His-21  stronqlv  affects  NAD* 

bindinq  whose  Kd  increases  upon  protonation  from  14  uM  to  125  pN  and 
that,  conversely.  NAD*  bindinq  shifts  the  pKa  from  6.3  to  5.4. 
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INTRODUCTION 

Atrophic  rhinitis  of  growing  pigs  is  a  disease  where  the  nasal 
turbinate  bones  can  be  completely  destroyed,  the  snout  twisted  or 
shortened  and  animal  weight  gains  reduced  (2).  Toxigenic  isolates  of 
P. multocida  isolated  from  cases  were  identified  by  the  toxicity  of 
crude  extracts  for  mice,  cultured  embryonic  bovine  lung  (EBL)  cells 
and  pigs  where  sublethal  injections  reproduced  the  disease.  The  toxin 
was  purified  Co  chaiactei  i.<ie  its  mode  of  ar-tion  (1). 


MATERIALS  AND  METHODS 

Confluent  monolayers  of  EBL  cells  (3)  in  dishes  2.5cm  dia.  were 
pre-labelled  with  ^^C  thymidine  and  150  ng  of  purified  toxin  (1)  was 
added.  At  time  0  and  2,  4  and  6  hours  after  the  addition  of  toxin 
labelled  leucine,  thymidine  or  uridine  was  added  for  30  minutes: 
cycloheximide,  mitomycin  C  and  actinomycin  D  were  used  as  positive 
controls  of  inhibition  of  metabolism.  Trichloracetic  acid  insoluble 
labelled  protein  or  nucleic  acid  was  measured  and  normalised  for  ^^C 
content.  Intracellular  ATP  was  measured  by  luminometry  using  firefly 
luciferase  (Sigma).  cAMP  was  measured  in  cells  treated  with  toxin  for 
3  hours  (Amersham).  Toxin  treated  cells  which  had  begun  to  separate 
were  examined  for  ultrastructural  changes  by  transmission  electron 
microscopy.  The  minimum  toxic  period  of  exposure  was  determined  using 
vashoff  experiments.  Cells  treated  with  toxin  for  24  hours  were 
stained  with  trypan  blue  or  neutral  red. 
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RESULTS 

Two  hours  after  addition  of  toxin,  cells  had  started  to  separate  and 

continued  to  separate  until  6  hours  after  additoa  of  toxin. 

Differences  were  not  detected  between  controls  and  toxin  treated  cells 
for  uptake  of  uridine  or  thymidine  and  differences  were  not 
detected  in  ATP  content.  Two  hours  after  exposure  to  toxin,  uptake  of 

leucine  was  reduced  in  toxin  treated  cells  which  continued  to 

decline  until  6  hours  after  addition  of  toxin  when  it  was  50^  of  the 
control  cells.  The  cycloheximide  control,  however,  ceased  to 
incorporate  leucine  immediately  but  changes  in  the  cells  were  not 
detected  until  2  hours  after  addition  of  the  drug.  Differences  in  cAMP 
content  or  ultrastructure  were  not  detected  between  controls  and  toxin 
treated  cells.  Cells  stained  with  neutral  red  but  not  trypin  blue  24 
hours  after  treatment  with  toxin.  Toxin  reacted  with  cells  within  5 
minutes  and  could  not  be  washed  off. 


DISCUSSION 

The  toxin  did  not  cause  changes  in  nucleic  acid  turnover  or 
intracellular  concentrations  of  ATP  or  cAMP.  The  reduction  in  protein 
synthesis  was  probably  a  secondary  effect  because  cells  treated  with 
cycloheximide  did  not  change  shape  until  2  hours  after  protein 
synthesis  had  ceased.  Changes  in  ultrastructure  were  not  seen  at  the 
time  cells  had  started  to  change  shape  and  cells  which  had  changed 
shape  many  hours  previously  did  not  have  a  damaged  cell  membrane 
detected  by  staining. 

These  results  indicate  that  in  K8I.  cells  the  toxin  has  a  niechaiiism  of 
action  unlike  that  of  many  other  bacterial  toxins  in  other  cell 
systems  because  it  did  not  involve  shutdown  of  protein  turnover,  cAMP 
metabolism  or  membrane  damage. 
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INTRODUCTION 

Bacillus  ccreus  diarrhoeal  type  food-poisoning  is  caused  by  an  cnterotoxic  coniponent(s)  that  is 
secreted  during  vegetative  growth,  mainly  at  late  logarithmic  phase.  It  has  for  some  time  been 
speculated  that  the  toxin  involved  is  a  multi  protein  component  Thompson  et  al  (4)  reponed  three 
different  antigens  wilt,  molecular  weights  of  43,000,  39,500  and  38,000  that  all  could  be 
involved  in  the  biological  activity  during  B.  cereus  food-poisoning.  Molecular  weights  ranging 
from  38,000  to  57,000  have  been  reported  for  the  cntcroioxin(s)  (2).  The  symptoms  of  the 
B.  cereus  food-poisoning  arc  almost  indistinguishable  from  the  Clostridium  perfringens  food¬ 
poisoning,  and  it  would  therctore  be  of  interest  to  see  if  difl'crences  in  the  mode  of  action  could  be 
detected. 

In  this  study  we  report  on  the  number  of  antigens  involved,  their  relation,  and  on  some 
differences  between  B.  ccreus  and  C.  perfringens  enterotoxin  mode  of  action. 


MATERIALS  AND  METHODS 

A  strain  of  B.  cereus  isolated  from  an  "Oriental  stew",  involved  in  food-poisoning  in  Norway 
during  the  autumn  1988,  was  used  throughout  this  investigation.  This  suain  produces  enterotoxin 
in  very  high  amounts.  As  reference  strain  B.  ccreus  F  4433-73  from  Central  Public  Health 
Laboratories,  London,  UK,  was  used.  Antiserum  produced  against  enterotoxin  (purified  by 
isoclectrofocusing)  from  the  same  strain,  was  a  gift  from  J.  Kramer,  Central  Public  Health 
Laboratories,  London,  UK. 

SDS  polyacrylamide  gel  electrophoresis  and  Western  immunoblots  were  carried  out  as  described 
before  (5).  Crossed  immunoelcctrophoresis  was  done  according  to  Hagen  et  al  (1),  using  a 
Pharmacia  Phast  Gel  System  .  All  experiments  were  carried  out  using  a  70%  ammonium  sulfate 
precipitate  of  the  crude  cell-extract  after  the  B.  ccreus  strain  was  grown  on  BHI  with  additional 
10  g/1  of  glucose,  at  30°  C  for  6  hours.  The  toxin  extract  was  dissolved  in  20  mM  phosphate 
buffer  pH  7.2  after  dialysis  (20  x  concentrated).  The  anti-enterotoxin  neutralized  all  biological 
activities  in  this  crude  extract,  on  the  Vero  cells  toxicity  test.  Toxicity  was  determined  under 
various  conditions  using  a  Vero  cell  assay  according  to  Sandvik  and  Olsnes  (3). 


RESULTS  AND  DISCUSSION 

Three  distinct  different  antigens  were  found  when  the  crude  cell-extract  was  used  in  crossed 
immunoelectrophorcsis,  against  the  anti-enterotoxin  (results  not  shown).  No  cross-reaction  could 
be  detected.  This  is  partly  in  agreement  with  Thompson  et  al  (4),  who  also  found  three  different 
proteins,  but  reported  that  antibodies  raised  against  either  of  them  could  neutralize  the  other  two. 
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We  believe  Ihat  their  results  must  be  due  to  impurities  from  the  other  two  proteins  during 
immunization.  The  molecular  weights  of  the  three  proteins  in  the  erode  extract,  as  judged  from  the 
immunoblota  were  about  40,000,  30,000  and  38,000  respectively.  It  is  therefore  possible  that 
Thomaoo  et  al  (4X  have  worknl  with  processed  proteins  after  proteolysis.  This  may  also  be  the 
reason  for  tlte  la^  of  activity  on  two  of  the  proteins  when  tested  akne,  although  it  is  possible  that 
an  three  proteins  are  subunits  in  one  eruerotoxin  complex. 

Figure  1  shows  the  influence  of  trypsin  and  chymotrypsin  digestion  (I  mgAnl,  pH  7.2  at  37°  O 
on  the  bioiogical  activity  of  the  enterotoxin(s).  After  60  minutes  of  proteolysis,  the  toxic  proteins 
ate  still  visible  on  the  immunoblots  (data  not  shown),  and  the  biological  activity  is  also  pre%nt, 
although  reduced  to  about  6-10%  of  the  initial  activity.  This  is  in  coouast  to  earlier  conclusions 
that  preformed  enterotoxin  could  not  result  in  food-poisoning  as  the  protein  was  rapidly  degraded 
by  proteolytic  enzymes.  This  may  well  be  the  case  with  purified  eiucrotoxin,  but  obviously  not 
wfam  mted  in  a  more  'natural*  environment 


Figure  1  Figure! 


Since  it  is  known  that  the  C.  perfragens  enterotoxin  depends  on  calcium  to  interfere  with  the  cell- 
membranes.  we  wanted  to  test  if  this  was  true  for  the  B.  cereus  enierotoxin(s).  As  shown  on 
Figure  2  (The  activity  was  tested  in  20  mM  Hepes  buffer  containing  0.14  M  NaG,  calcium  and 
magnesium  concentration  was  0.1  mM  when  present),  it  is  clear  that  neither  calcium  nor 
magnesium  is  essential  for  toxin  activity.  Not  <xily  was  the  protein  synthesis  inhibited  just  as  well 
without  cations,  but  the  Vero  cells  were  also  killed  at  about  the  ssme  rate  with  and  without  the 
cations,  as  judged  fixrni  uptake  of  tryphan  blue,  by  the  Vero  cells  (data  not  shown). 
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nmcnmoN 

Tlie  heat  stable  toodns  (ST)  are  a  family  of  small  peptides  produced  by  pathogenic  organisms 
sudt  as  E.coli,  Non-agglutinating  (NAG)  Vibrios  and  Yersinia  enterocolitica.  Their  elabora¬ 
tion  in  the  human  intestine  is  a  major  cause  of  diarrhoea  .  T84  cells  were  chosen  to  study 
the  activation  of  particulate  guanylate  cyclase  by  a  few  bacterial  toxins  to  understand 
their  nedianism  of  action.  Activation  of  guanylate  cyclase  by  CT  in  T84  cells  has  been 
reported  previously  (3) . 


MATHRIAI^  AND  MErfflODS 

T84  cells  were  cultured  in  a  1:1  mixture  of  containing  5%  foetal  calf  serum.  ST 
was  purified  from  a  strain  overproducing  ST*,  (1) .  SlVand  NAG  ST  were  prepared  synthetically* 
and  ST  from  Yersinia  purified  by  a  modification  of  the  procedure  used  for  ST  .  Toxins  were 
added  in  senin  free  media,  and  cGHP  produced  was  monitored  by  radiouimunoassay. 


RESULTS  AND  DISCUSSION 


Low  amounts  of  STj^activated  gu^ylate  cyclase  rapidly  and  specifically  in  T84  cells  (Fig 
1,2)  whereas  cholera  and  certuswi*  hoxins  did  not  shew  similar  activation  (data  not  shewn). 


Time  (mins) 

Fig.l.  Time  course  of  response  of  ST*, 


Fig.2.Dose  response  to  ST*, 
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Incubation  with  an  antiserum  to  ST^did  not  significantly  decrease  cGMP  production,  but  a  C- 
terndnal  specific  monoclonal  antibody  which  neutralises  Sr,,activity  in  the  suckling  mouse 
(2)  inhibited  cOlP  production  (Table  1} .  Sulfhydryl  or  disulfide  containing  compourids 
inhibited  cGMP  production  (Table  2) . 

Table  1  Table  2. 


Effect  of  antibodies  on  activity 
of  ST», 


Intestine:  cCMP  produced/ 
body  wt  10  cells/h(ptnol) 


Polyclonal 


antibody 

0.11 

85 

Monoclonal 

an  ibody 

0.077 

25 

Control 

senmi 

0.11 

100 

a) Ratio  of  0.033  (one  mouse  unit)is 
considered  positive  in  the  bioassay, 

b)  Basal  levels  of  c(7(P  are  10-15  pmol. 


Effect  of  Disulfide  and  Thiol  compounds  cm 
STjj  mediated  guanylate  cyclase  activation 


Compound 

pmol  cGMP  produced 
10  cells/h 

Inhibition 

\ 

Nil 

102.1 

Cystamine 

30.1 

71 

Cystine 

80.8 

21 

IrCysteine 

47.1 

54 

Values  represent  the  mean  of  two  assays 


St-,  NAG  ST  and  Yersinia  ST  activated  guanylate  cyclase,  but  to  various  extents  suggesting 
different  affinities  and  interactions  of  the  toxins  with  the  receptor/cyclase  (Fig. 3). 
These  results  suggest  that  cGMP  production  may  be  the  ccmnon  mode  of  action  of  all  ST’s  and 
activation  of  guanylate  cyclase  in  T84  cells  is  a  s«uitive  assay  which  could  serve  as  an 
alternative  to  the  suckling  mouse  bioassay  for  detection  of  toxigenic  peptides  of  the  ST 
family. 


Fig.3,Activation  of  guanylate  cyclase  by  ST 
peptides. 
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Staphylococcal  enterotoxlns .  apart  from  being  highly  potent  toxins 
causing  food  poisoning  in  humans,  are  also  very  efficient  imunomodula- 
tors.  This  family  of  structurally  related  proteins  induce  in-vitro  a 
whole  series  of  lymphokines  (1),  suppressor  cells  (2),  cytotoxic  cells 
(4),  and  natural  killer  cells  (3). 

In  this  report,  we  present  studies  describing  the  enhanced  cytotoxic 
activity  of  natural  killer  cells  (NK)  isolated  from  peripheral  blood 
lymphocytes  (PBL)  of  baboons,  following  experimental  SEA  toxemia.  The 
cytotoxic  activity  of  SK  cells,  isolated  24h  after  SEA  challlenge  (0.5  yg 
SEA  per  kg  monkey  l.v),  Increased  significantly  (Fig.  1).  Peak  KK  acti¬ 
vity  was  observed  4  days  after  SEA  administration,  followed  by  a  decline 
in  activity,  approaching  normal  values,  one  to  three  weeks  after  the 
onset  of  toxemia.  The  enhancement  of  NK  activity  in  PBL.  isolated  from 
SEA  challenged  monkeys,  was  essentially  the  same  as  that  found  in  PBL 
stimulated  by  this  toxin  in  vitro  (compared  data  in  Fig.  1  to  Ref.  3). 


Fig.  1.  The  NK  activity  of 
cells  from  monkeys  challenged 
with  SEA.  PPL  (10‘  cells 
ml).  Isolated  from  control 
ar.d  SEA  challenged  monkeys 
were  tested  for  NK  activity 
against  K-562  target  cells, 
at  the  indicated  times,  fol¬ 
lowing  SEA  exposure.  Effec¬ 
tor  target  ratio  was  20 ;  t . 
Each  dot  represents  NK  acti¬ 
vity  of  an  individual  mon¬ 
key's  PBL  at  an  indicated 
time.  Lines  represent  mean 
NK  activity  of  all  the  mon¬ 
keys  at  a  given  time. 
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The  Main  difference  between  the  In-vlvo  and  In-vltro  SEA  induced  NK  acti¬ 
vity  was  in  the  kinetics  of  induction  when  the  in-vitro  peak  activities 
were  reached  a  few  hours  after  SEA  exposure  and  the  in-vivo  NK  peak  acti¬ 
vities  were  reached  only  after  2-4  days. 

The  induction  of  IL-2  synthesis  In  lymphocytes  of  SEA  exposed  monkeys,  as 
a  prerequeslt  of  NK  cell  activation,  was  studied  as  well.  Serum  from 
monkeys  withdrawn  before  and  up  to  24  hours  after  SEA  administration, 
consistently  contained  minute  amounts  of  lL-2  (0.1-0.5u  IL-2  per  ml. 
serum).  In  two  monkeys,  levels  of  5  u  IL-2  per  ml  serum  were  detected  at 
7  h  after  challenge.  2-7  days  after  SEA  exposure,  these  small  amounts  of 
IL-2  were  completely  depleted  from  the  serum,  followed  by  a  raise  In  IL-2 
to  Initial  levels,  2-3  weeks  thereafter.  No  measurable  amounts  of  IL-2 
were  secreted  in-vitro  by  either  control  PBL  or  PBL  Isolated  from  SEA 
challenged  monkeys  (tested  at  time  Intervals  7  h  to  96  h  past  SEA 
administration).  However.  PBL  from  monkeys  2-7  days  after  SEA  challenge, 
aqulred  the  capacity  to  absorb  IL-2  from  Incubation  medium,  indicating 
SEA  dependent  induction  of  IL-2  receptors  on  part  of  the  lymphocytes' 
population  (Fig.  2). 


Fig.  2.  The  capacity  of  IL-2 
absorbtlon  of  PBL  isolated 
from  two  monkeys  at  various 
times  after  SEA  challenge. 
PBL  Isolated  from  SEA  chal¬ 
lenged  monkeys  were  Incubated 
(2x10^  cells/ml)  in  tri¬ 
plicates  with  5(0)  or  10(A) 
units  lL-2  per  ml.  Following 
a  24  h  incubation,  the  cells 
were  removed  from  the  incu¬ 
bated  suspensions  and  IL-2 
was  determined  in  the  media. 


The  fact  that  no  IL-2  secretion  from  lymphocytes  was  observed  after  SEA 
challenge  may  be  the  consequence  of  its  consumption  by  the  SEA  activated 
cells.  It  is  not  clear  from  these  studies  whether  during  SEA  toxemia, 
the  enhanced  NK  activity  is  directly  stimulated  by  SEA.  or  it  is  mediated 
by  lymphoklnes  (IL-2)  Induced  by  this  toxin. 
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INTRODUCTION. 

Bacillus  thuringiensis  is  commonly  used  as  a  microbial  insec¬ 
ticide.  Upon  sporulation  different  strains  of  Bacillus  thurin¬ 
giensis  produce  crystalline  Inclusions  consisting  of  insec¬ 
ticidal  crystal  proteins  or  delta-endotoxins.  The  protoxins 
are  solubilized  in  the  insect  midgut  at  alkaline  pH  and 
proteol yt ical I y  activated  to  active  toxins  of  a  smaller 
molecular  weight.  The  toxins  bind  to  receptor  sites  in  the 
brush  border  membrane  of  midgut  epithelial  cells  and  disrupt 
the  Integrity  of  this  membrane.  The  nature  of  the  receptor 
site  is  unknown  and  the  physiological  effect  of  the  toxin  is 
Incompletely  understood. 


METHODS. 

2+ 

Brush  border  memorane  vesicles  were  prepared  the  Mg  - 
precipitation  and  differential  centrifugation  method.  Recom¬ 
binant  delta-endotoxin  was  obtained  from  a  transformed  E.  col  i 
according  the  method  described  in  <1).  The  uptake  assay  was 
performed  by  measuring  the  radioactive  amino  acid  content  of 
the  brush  border  membrane  vesicles.  Binding  of  the  toxin  was 
measured  by  a  filter  assay. 


RESULTS  and  DISCUSSION. 

Whereas  several  older  papers  suggest  that  delta-endotoxins 
interact  with  the  active  transport  of  potassium  recent  data 
support  an  effect  at  the  level  of  passive  transport.  More 
specifically  the  toxin  is  presumed  to  cause  a  selective 
increase  in  the  potassium  permeability  of  the  brush  border 
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membrane.  Evidence  was  obtained  from  driven  amino  acid 

uptake. 

We  have  used  the  cotransport  system  to  study  the  effect  o| 
Bt2-toxin  on  Manduca  sexta  brush  border  membranes.  K 
permeability  is  increased  by  Bt2-toxin  in  concentrations  of 
0.1  ug/ml  and  more.  However  o^r  experiments  indicate  no  ion- 
specificity  of  the  toxin.  Na  permeability  also  appaers  to  be 
increased,  since  Bt2-toxin  affects  the  Na  driven  cotransport. 
Preliminary  cesults  even  show  a  permeability  change  for  lager 
molecules.  This  is  in  good  agrement  with  the  findings  in  <2>, 
where  a  colloid  osmotic  lysis  is  indicated  to  contribute  to 
cell  lysis. 

In  order  to  understand  the  physiology  of  the  toxin,  charac¬ 
terisation  of  the  receptor  is  an  essential  element.  Recently 
evidence  was  given  that  the  specificity  of  the  delta-en¬ 
dotoxins  is  not  only  situated  at  the  level  of  solubilization 
and  activation  of  the  delta-endotoxins  but  also  requires  the 
presence  of  a  receptor  molecule.  We  found  a  reduction  in  the 
binding  capacity  of  brush  border  membrane  for  the  delta- 
endotoxin  by  treatment  with  proteases  and  by  mixed  glycosida- 
ses.  KNOWLES  et  al ,  <3)  suggested  a  lectin  like  binding  for 

the  Bacillus  thuringiensis  delta-endotoxin.  In  our  model 
system  we  could  inhibit  the  binding  of  the  delta-endotoxin  to 
brush  border  membranes  by  certain  lectins  but  not  by  simple 
sugars.  These  results  indicate  that  the  receptor  for  the 
delta-endotoxin  is  a  glycoprotein  and  that  the  sugar  moiety  of 
the  receptor  may  be  important  in  the  specific  insecticidal 
action  of  the  delta-endotoxin.  Still  further  research  of  the 
detailed  structure  of  the  receptor  is  nessecary  and  will  be 
undertaken  in  our  lab. 
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Introduction 

It  has  been  known  for  many  years  that  transcription  can  be  highly  sensitive  to  the  level 
of  supercoiiing  of  the  DNA  template  (reviewed  in  32).  Chromosomal  supercoiiing  was 
thought  to  be  maintained  at  a  constant  level  by  a  homeostatic  control  process.  However, 
recently  it  has  become  apparent  that  DNA  in  bacterial  cells  can  vary  in  response  to 
growth  conditions.  These  changes  in  DNA  topology  appear  to  be  specifically 
responsible  for  regulating  the  expression  of  a  .lumber  of  genes.  There  is  now 
compelling  evidence  that  environmentally-induced  changes  in  DNA  supercoiiing  play 
an  underlying  role  in  the  regulation  of  gene  expression  in  response  to  a  variety  of 
environmental  stresses  including  osmolarity,  nutritional  status,  anaerobiosis  and 
temperature.  Superimposed  upon  this  global  control  network  are  the  more  specific 
regulatory  events  with  which  we  are  all  familiar.  In  this  article  we  review  briefly  the 
evidence  that  environmentally-induced  DNA  supercoiiing  changes  play  a  central  role  in 
the  regulation  of  gene  expression  and  outline  a  number  of  important  and  unanswered 
questions.  One  possible  function  for  this  topological  control  network  is  to  achieve  the 
gross  physiological  adaptation  required  when  cells  pass  from  a  free-living  to  a 
host-associated  state.  We  propose  here  that  changes  in  DNA  supercoiiing  play  a  crucial 
role  in  the  regulation  of  bacterial  virulence.  Evidence  which  leads  us  to  this  model  is 
presented  and  discussed. 

DNA  supercoiiing  and  gene  expression 

Closed  circular  DNA  isolated  from  bacterial  cells  is  negatively  supercoiled. 
Although  isolated  DNA  is  protein-free,  and  therefore  in  a  rather  different  state  from 
DNA  in  the  cell,  all  available  evidence  suggests  that  DNA  in  vivo  is  also  under  net 
torsional  stress  (reviewed  by  Lilley,  24).  In  E.  coli,  S.  typhimuriiim,  and  probably  all 
other  eubacterla,  the  level  of  DNA  supercoiiing  is  determined,  to  a  first  approximation, 
by  the  opposing  activities  of  two  enzymes,  DNA  gyrase  and  DNA  topoisomerase  I. 
Non-enzymatic  factors  can  also  affect  the  level  of  supercoiiing  in  vivo.  For  example, 
DNA  binding  proteins  such  as  the  histone-like  HU  proteins  can  constrain  superhelicity 
(3,12)  and  locd  unwinding  of  the  DNA  helix,  such  as  occurs  during  transcription,  also 
affects  the  supercoiiing  of  DNA  located  immediately  upstream  and  downstream  of  the 
unwinding  event  (39). 
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Changes  in  the  free  energy  of  negative  supercoiling  can  potentially  influence  a 
number  of  cellular  processes  including  DNA  replication,  recombination,  transposition 
and  transcription  (reviewed  by  Drlica,  11).  It  is  well  established  that  artificial 
perturbation  of  DNA  supercoiling,  for  example  with  inhibitors  of  DNA  gyrase,  or  by 
introducing  gyr  or  topA  mutations,  can  affect  transcription  from  many  promoters. 
Many  promoters  are  highly  sensitive  to  the  level  of  DNA  supercoiling  in  in  vitro 
systems.  Given  the  economy  of  function  of  bacterial  cells  it  would  be  suprising  if  the 
potential  for  gene  regulation  in  response  to  changes  in  DNA  supercoiling  were  not  put 
to  advantage.  However,  only  recently  has  evidence  in  support  of  this  idea  been 
forthcoming. 

DNA  supercoiling  levels  vary  in  response  to  environmental  stimuli. 

Several  studies  have  now  demonstrated  a  difference  in  the  linking  number  of 
plasmid  DNA  purified  from  bacterial  cells  grown  under  different  regimes.  For  example, 
high  extracellular  osmolarity  leads  to  an  increase  in  mean  negative  superhelix  density 
(9,19).  Anaerobic  growth  (8,40),  growth  phase  (8),  temperature  (14)  and  growth 
transitions  between  carbon-rich  and  carbon-poor  media  ( 1 ,3 1 )  also  appear  to  affect  the 
supercoiling  of  plasmid  DNA  isolated  from  the  cell.  These  studies  have  all  been  based 
on  plasmid  DNA,  principally  because  of  the  difficulties  inherent  in  studying  the 
supercoiling  of  chromosomal  DNA.  However,  direct  measurement  has  shown  that 
chromosomal  supercoiling  also  changes  during  anaerobic  growth  and  during  growth 
under  osmotic  stress  (K.  Drlica;  unpublished  results).  Indirect  evidence,  based  on 
studies  of  gene  expression  are  also  entirely  consistent  with  changes  in  chromosomal 
supercoiling  under  different  growth  regimes  (19,20,  31).  Although  these  conclusions 
must  be  considered  within  the  limits  of  the  techniques  involved  (discussed  in  detail 
elsewhere;  20)  there  now  seems  to  be  little  doubt  that,  rather  than  being  homeostatically 
determined,  the  supercoiling  of  cellular  DNA  is  in  a  highly  dynamic  state. 

Changes  in  DNA  supercoiling  regulate  gene  expression  in  vivo. 

The  first  evidence  directly  supporting  the  idea  that  changes  in  DNA  supercoiling 
play  a  role  in  the  regulation  of  gene  expression  during  normal  growth  came  from 
studies  on  the  gyr  and  topA  genes  themselves  (28,37).  Each  gene  responds  to  changes 
in  DNA  supercoiling  in  a  manner  appropriate  to  maintain  a  homeostatic  balance  of  the 
two  enzymes  and,  hence,  a  relatively  constant  level  of  supercoiling.  However,  this  is  a 
'closed'  system  and  does  not  imply  a  role  for  supercoiling  in  the  differential  regulation 
of  gene  expression  during  adaptation  to  environmental  changes. 

More  recently,  compelling  evidence  has  accrued  that  alterations  in  DNA 
supercoiling  brought  about  by  environmental  stresses  can  be  directly  responsible  for  the 
specific  control  of  gene  expression  (8,19).  This  is  best  illustrated  for  the  proU  gene 
which  encodes  a  transport  system  for  the  uptake  of  the  osmoprotectant  glycine  betaine 
(5).  The  proU  locus  is  not  expressed  during  growth  at  low  osmolarity  but  induced 
over  one  hundred  fold  if  the  osmolarity  of  the  growth  medium  is  increased.  Despite 
extensive  efforts  in  a  number  of  laboratories,  no  classical  regulatory  protein  has  been 
identified  which  might  mediate  proU  regulation.  Instead,  trans-acting  mutations 
selected  for  altered  regulation  of  proU  have  been  mapped  to  the  gyr  and  topA  loci  and 
to  an  additional  locus,  osmZ,  which  also  influences  DNA  supercoiling  (sec  below). 
There  is  excellent  correlation  between  the  level  of  supercoiling  and  proU  expression, 
whatever  means  is  used  to  perturb  DNA  supercoiling  (19).  Detailed  analysis  of  the 
proU  promoter  in  vivo  and  in  vitro  is  also  consistent  with  a  primary  role  for  DNA 
supercoiling  in  its  regulation  (unpublished  results).  Changes  in  DNA  supercoiling  in 
response  to  osmotic  shock  appear  to  be  sufficient  to  explain  the  osmotic  regulation  of 
proU  expression.  There  is  less  comprehensive,  but  accumulating  evidence  that  changes 
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in  DNA  supercoiling  also  play  a  role  in  the  regulation  of  other  osmotically  controlled 
genes  including  the  bet  betaine  biosynthetic  genes  and  the  ompC  and  ompF  genes 
encoding  the  major  outer  membrane  porins  (15). 

Anaerobically-induced  changes  in  DNA  supercoiling  also  appear  to  be  play  a  role 
in  regulating  expression  of  several  anaerobically  regulated  genes.  This  is  perhaps  best 
established  for  the  tonB  gene,  'vhich  is  required  for  iron  uptake  (8)  and  is  probably 
also  the  case  for  a  subset  of  other  anaerobically  regulated  genes  (3 1 ). 

There  is,  therefore,  compelling  evidence  that  environmental  stresses  can  affect  DNA 
supercoiling.  There  is  equally  compelling  evidence  that  these  changes  in  supercoiling 
can  affect  gene  expression  in  an  appropriate  manner.  It  therefore  seems  highly  likely 
that  such  environmentally-induced  supercoiling  changes  play  a  role  in  the  regulation  of 
expression  of  these  genes  although  a  direct  link  between  these  two  observations 
remains  to  be  established.  Final  proof  of  the  model  requires  reconstitution  of  some  of 
these  regulatory  systems  in  vitro. 

Some  unanswered  questions. 

The  establishment  of  a  role  for  environmentally-induced  changes  in  DNA 
supercoiling  in  the  regulation  of  gene  expression  does,  of  course,  raise  a  number  of 
questions  which  must  be  addressed.  The  answers  to  many  of  these  questions  can,  as 
yet,  be  based  only  on  informed  speculation. 

(i)  Is  DNA  supercoiling  homogeneous  or  is  there  local  heterogeneity  within  a  single 
DNA  molecule?  All  measurements  of  supercoiling  to  date  provide  a  global  estimate  of 
the  state  of  affairs;  it  is  not  yet  possible  to  measure  directly  the  levels  at  different 
positions  on  a  single  molecule.  There  is  good  evidence  that  the  chromosome  is  divided 
into  topologically  separate  domains  (35)  although  it  is  not  known  whether  the  level  of 
supercoiling  differs  between  domains.  TTiere  is  ^ so  considerable  indirect  evidence  that 
local  heterogeneity  of  supercoiling  exists.  For  example,  it  is  now  well  established  that 
the  unwinding  of  the  helix  during  transcription  affects  supercoiling  immediately 
upstream  and  downstream  of  the  RNA  polymerase  molecule  (39).  The  nucleoid  of 
bacteria  contains  many  histone-like  DNA  binding  proteins  such  as  HU  or  IHF 
(reviewed  by  12,13).  Many  of  these  proteins  are  loosely  bound  to  the  DNA  and  upon 
binding  can  affect  local  DNA  topology.  However,  little  is  actually  known  about  how 
these  local  changes  might  be  constrained  or  disseminated  throughout  the  entire 
molecule.  One  possibility  is  anchoring  through  membrane  attachment  sites  (25).  In  this 
regard  there  is  an  urgent  need  for  a  more  complete  understanding  of  chromosome 
structure  and  function. 

(ii)  How  do  environmental  stresses  alter  DNA  supercoiling?  Again  we  do  not  yet 
have  an  answer  to  this  question.  It  is  conceivable  that  the  activities  of  DNA  gyrase  or 
topoisomerase  I  are  affected.  However,  there  is  no  evidence  for  this  and  there  is  now 
some  evidence  to  the  contrary  (9;  unpublished  results).  An  attractive  possibility  is  that 
the  interaction  of  one  or  more  of  the  histone-like  proteins  with  DNA  might  be  affected. 
Such  a  model,  which  is  currently  being  tested,  suggests  a  mechanism  whereby  different 
environmental  factors  could  differentially  affect  supercoiling,  and  allow  the  possibility 
of  local  variations  in  topology  in  response  to  different  stimuli. 

(iii)  What  is  osmZl  Mutations  in  osmZ  were  identified  by  their  effects  on  proU 
expression,  appearing  to  be  altered  in  the  cells  ability  to  sense  osmotic  changes  (19). 
osmZ  mutations  are  highly  pleiotropic,  altering  the  expression  of  a  wide  variety  of 
chromosomal  genes  as  well  as  affecting  site  specific  recombination  events.  Many  of 
these  osmZ-sensitive  functions  were  also  known  to  be  supercoiling  sensitive  and  it 
osmZ  mutations  alter  the  level  of  plasmid  and  chronmosomal  supercoiling.  It  appears 
this  is  the  primary  defect  in  osrriZ  mutants  and  that  the  other  phenotypes  are  secondary 
consequences  of  the  altered  supercoiling.  It  is  apparent  that  esmZ  is  a  complex  locus, 
with  different  mutations  exhibiting  different  phenotypes.  The  locus  cannot  be  cloned 
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Stably  in  multicopy.  As  yet  the  nature  of  any  gene  product(s)  encoded  by  the  locus  is 
unknown  although  it  docs  not  appear  to  encode  a  topoisomerase  activity.  Most 
probably.  osmZ  encodes  a  general  DNA  binding  protcin(s)  (histone-like?)  which, 
upon  interaction  with  DNA  alters  its  topology. 

(iv)  If  gross  changes  in  chromosomal  supercoiling  occur,  for  example,  in  response 
to  osmotic  upshock,  why  are  not  all  genes  osmotically  regulated?  There  arc  several 
possible  reasons  for  this.  First,  many  promoters  arc  relatively  insensitive  to  changes  in 
DNA  supercoiling,  at  least  over  the  range  which  is  observed  in  vivo,  and  would 
therefore  be  unaffected  by  any  changes  that  occurred  during  gowth.  Secondly,  many 
promoters  do  in  fact  respond  to  osmolarity  even  though  they  would  not  normally  be 
classified  as  osmotically  regulated  genes.  Rather  their  "constitutive''  level  of  expression 
shows  some  variation  as  the  osmolarity  of  the  medium  is  changed.  Indeed,  osmotically 
induced  supercoiling  changes  now  provide  a  means  whereby  such  changes  can  be 
explained.  Thirdly,  it  is  entirely  possible  that,  as  discussed  above,  although  osmotic 
upshock  results  in  a  global  change  in  supercoiling  there  may  be  local  heterogeneity  to 
the  response  and  thus,  differential  effects  on  different  promoters. 

(v)  Given  that  a  number  of  different  stimuli  such  as  anaerobiosis  or  osmolarity 
affect  DNA  supercoiling,  why  are  genes  only  regulated  by  one  or  other  of  these 
signals?  Again,  the  answer  to  this  question  is  in  multiple  parts.  Firstly,  we  do  not  know 
how  the  different  stimuli  alter  supercoiling.  If  they  achieve  their  effects  by  different 
means  then  it  is  entirely  possible  that,  even  though  at  a  global  level  they  appear  to  have 
similar  effects,  local  differences  in  supercoiling  may  be  induced  by  different  stimuli. 
Secondly,  it  turns  out  that  many  supercoiling  regulated  genes  are  in  fact  sensitive  to 
more  than  one  environmental  parameter,  ■specificity  is  less  than  might  generally  be 
supposed  (31).  Thus,  many  osmotically  regulated  genes  respond  to  anaerobicity  or 
other  stresses,  and  vice  versa.  There  is  increasing,  although  often  ill-defined  evidence 
for  an  overlap  in  the  responses  to  all  types  of  stresse  such  as  pH,  anaerobicity, 
starvation  osmolarity  and  temperature  (e.g.  18,22,31,34,36).  Indeed,  we  normally  tend 
to  consider  many  regulatory  processes  in  too  simplistic  a  fashion.  The  cell  rarely 
(except  in  the  laboratory)  experiences  changes  in  a  single  parameter  but  is  stressed  in 
many  ways  and  must  respond  accordingly  by  a  general  change  in  its  physiological 
state.  We  have  proposed  (31)  that  there  is  a  class  of  stress-regulated  promoters  which 
play  a  role  in  such  adjustments  for  which  environmentally-induced  changes  in  DNA 
topology  play  a  major  role  in  regulation.  This  provides  an  underlying  control  system 
upon  which  the  specific  control  processes  with  which  we  are  more  familiar  may 
additionally  be  superimposed. 

A  potential  role  for  DNA  supercoiling  in  bacterial  pathogenesis 

Upon  first  consideration,  regulation  of  gene  expression  by  changes  in  chromosome 
structure  might  appear  rather  crude.  However,  a  global  control  mechanism  upon  which 
specific  regulatory  processes  may  be  superimposed  does  provide  for  maximum 
flexibility.  It  is  also  perhaps  worth  considering  that  regulatory  processes  are  often 
considered  in  the  wrong  way.  We  tend  to  think  of  genes  responding  to  a  single 
stimulus.  However,  when  outside  the  laboratory  does  such  an  event  occur?  Normally, 
the  cell  must  adapt  to  environments  in  which  many  factors  fluctuate.  We  have 
suggested  that  a  subset  of  genes  in  the  cell  responds  to  many  different  stresses  via  a 
common  mechansim:  changes  in  DNA  supercoiling.  When  might  a  cell  be  exposed  to 
all  these  stresses  and  when  might  a  cell  require  a  major  adjustment  of  its  metabolism? 
One  obvious  circumstance  is  during  the  transition  from  free-living  to  host-associated 
growth.  Since  this  transition  is  imponant  in  the  infective  process,  we  propose  that  the 
environmental  control  of  DNA  supercoiling  plays  a  crucial  role  in  bacterial 
pathogenesis. 

What  evidence  is  there  for  this  conjecture?  First,  many  genes  which  play  an 
important  role  in  infection  are  supercoiling-sensitive.  For  example,  the  major  outer 
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membrane  porins  of  E.  coli ,  which  are  regulated  by  many  environmental  parameters 
and  are  supercoiling  sensitive  (IS)  play  an  important  role  in  Salmonella  virulence  (10). 
The  supcrcoiling-regulated  tonB  gene  (8)  plays  a  central  role  in  iron  uptake:  iron  is  the 
nutrient  most  frequently  limiting  during  infection.  Fimbrial  genes,  which  are  essential 
for  initial  bacteria-host  interactions,  are  also  sensitive  to  DNA  topology  (7,19).  Another 
illustration  is  the  functions  affected  by  osmZ  mutations  which  alter  chromosomal 
supercoiling  (19)  many  if  not  all  of  which  play  a  role  in  infection  and  colonization.  For 
example,  osmZ  mutants  show  altered  regulation  of  fimbiae  and  surface 
polysaccharides.  Even  the  proU  locus  may  be  important  for  infectivity  as  glycine 
betaine  plays  a  role  in  vir  expression  during  Agrobacterial  infections  p8). 

Secondly,  many  stress-regulated  proteins  play  a  key  role  in  virulence.  For 
example,  heat-shock  proteins  are  major  antigens  in  mycobacterial  infections  and  their 
expression  affects  the  pathogenicity  of  Histoplasma  spp.  (6,27,41).  Although 
designated  lieat-shock'  proteins,  there  is  increasing  evide.nce  that  their  synthesis  is 
ai^ected  by  various  stresses.  An  overlap  between  heat  shock  protein  expression,  the 
stringent  response  and  osmolarity  is  certainly  apparent  (4,17,18)  and,  as  DNA 
topology  appears  to  play  an  important  role  in  the  stringent  (e.g.  23,33)  and  osmotic 
responses  (19)  a  role  in  heat  shock  expression  would  not  be  unexpected. 

Thirdly,  many  virulence  factors  which  play  important  roles  in  infectivity  arc 
regulated  by  a  multiplicity  of  environmental  signals.  The  best  characterized  examples 
are  cholera  toxin,  the  pilus  colonization  factor  TepA  and  the  major  outer  membrane 
proteins  OmpT  and  OmpU  of  Vibrio  cholerae  which  are  coordinately  regulated  and 
whose  expressions  are  dependent  upon  the  toxR  gene  product  (29,30).  Many  different 
environmental  signals  affect  expression  of  these  virulence  factors  including  osmolarity, 
temperature,  oxygen  tension  and  pH.  Genes  required  for  virulence  in  Bordatella 
pertussis  (16),  Shigella,  Yersinia  and  other  pathogenic  bacteria  are  also  coordinately 
regulated  in  response  to  a  variety  of  different  environmental  signals.  It  is  not 
immediately  obvious  how  a  single  environmental  sensor  (ToxRS  in  V.  cholerae )  can 
respond  to  these  diverse  signals  and  achieve  an  appropriate  response.  An  alternative 
and  simpler  explanation  is  that  environmentally-induced  changes  in  DNA  supercoiling 
also  play  a  role  in  the  regulation  of  the  virulence  genes.  It  is  striking  that  the  factors 
which  affect  expression  of  the  V.  cholerae  virulence  genes  arc  the  same  as  those  which 
alter  DNA  supercoiling  in  E.  coli  and  5.  typhimurium  .  In  addition,  the  ToxR  and 
ToxS  proteins  required  for  expression  of  the  V.  cholerae  virulence  genes  are  similar  to 
the  pairs  of  phosphorylated  proteins  such  as  OmpR-EhvZ  and  NtrB-NtrC  which 
regulate  expression  of  many  bacterial  genes  (reviewed  in  2).  Like  the  V.  cholerae 
virulence  genes,  the  E.  coli  OmpC  and  OmpF  porins  which  are 
OmpR-EnvZ-dependent  arc  sensitive  to  many  environmental  parametrs  including  pH, 
temperature  and  osmolarity.  It  is  clear  that  supercoiling  plays  a  central  role  in  porin 
regulation  (15);  regulation  can  occur  in  the  absence  of  OmpR  and  the  requirement  for 
OmpR  can  even  be  overcome  by  altering  growth  parameters  and  supercoiling.  Thus, 
there  appears  to  be  two  levels  of  control;  a  general  effect  mediated  by 
environmentally-induced  supercoiling  changes  and  the  more  specific  requirement  for  a 
regulatory  protein.  Indeed,  the  reason  that  the  OmpR-EnvZ  ToxR-ToxS  class  of 
regulatory  proteins  are  rather  different  from  other  known  regulatory  proteins  rnay  be 
because  of  a  required  adaptation  to  supercoiling-scnsitive  promoters. 

Finally,  we  have  recently  obtained  more  direct  evidence  of  a  role  of  DNA 
supercoiling  in  pathogenicity,  ti  Shigella  flexnerii ,  the  virR  gene  regulates  expression 
of  many  virulence  factors  in  response  to  temperature  (26).  At  37^0,  the  virulent, 
invasive  phenotype  is  expressed  while  at  3(PC  the  same  strains  are  non-virulent.v/r/? 
mutants  express  virulence  factors  at  both  30^0  and  37oC.  The  chromosomal  virR 
locus  has  been  mapped  to  between  trp  and  galU  in  Shigella  flexneri  (26)  and 
complementation  analysis  suggests  that  an  equivalent  gene  exists  in  E.  coli  (21).  As  the 
osrrZ  gene  is  located  between  trp  and  galU,  we  examined  the  possibility  that  virR 
was  in  fact  the  S.  flexneri  equivalent  of  osmZ.  This  appears  to  be  the  case  (Manuscript 
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in  preparation).  First,  virR  mutants  show  altered  supeaoiling  of  the  native  Shigella 
plasmids  (Figure  1). 


,  C 10403  t!S1ft’ptw'5*>p.c 

3^184  viiH 

BS185  3S‘6^yi£t<  TrXL 


Figure  1. 

Chloroquine-agarose  gel  showing  differences  in  topoisomer  distribution  of  native  S. 
flexneri  plasmids  in  a  v/r/?  strain  (BS184)  and  a  virR  ::Tn/y  derivative  {BS185). 
Panel  B  shows  a  similar  gel  for  BS185  and  a  phenotypic  revenant  of  the  virR 
mutation(CUD  403)  in  which  supercoiiing  is  simultaneously  restored. 

Plasmid  DNA  from  virR  mutants  is  relaxed  compared  with  the  wild-type.  While  this 
appears  to  be  opposite  to  osmZ  mutants,  certain  S.  typhimuriiim  osmZ  mutants  also 
relax  DNA  rather  than  increase  negative  supercoiiing.  Supercoiiing  in  S.  flexneri  is 
also  affected  by  growth  temperature.  Secondly,  when  introduced  into  E.  coli,  a  virR 
::TnI0  causes  an  increase  in  negative  supercoiiing  of  plasmid  pACYCI84  DNA, 
similar  to  that  seen  for  osmZ  mutants.  Thirdly,  the  v/r^-dependent  promoters  are 
sensitive  to  gyrase  inhibitors.  Fourthly,  the  virR  mutation  in  E.  coli  activates  the  proU 
gene  at  low  osmolarity,  the  basic  phenotype  of  osmZ  mutants.  Thus,  osmZ  and  virR 
appear  to  be  one  and  the  same  locus.  As  the  primary  defect  in  osmZ  mutants  appears  to 
be  a  change  in  chiomosomal  and  plasmid  supercoiiing,  it  seems  highly  likely  that  the 
virR  locus  functions  in  a  similar  way  to  regulate  expression  of  the  virulence  genes. 
Finally,  a  rather  different  line  of  experimental  evidence  which  implicates  DNA 
supercoiiing  in  virulence  comes  from  studies  on  virulent  strains  of  5.  (yphimtirium. 
When  an  osmZ  lesion  is  introduced  into  virulent  S.  typhimurium  strains  they  become 
attenuated  in  mouse  assays. 

Conclusions 

It  is  now  apparent  that  the  level  of  DNA  supercoiiing  in  the  cell  varies  in  rcspon.se  to 
environmental  stimuli  including  osmolarity,  anacrobiosis,  temperature,  growth  phase 
and  probably  other  factors  such  as  pH  and  medium  composition.  While  little  is  known 
about  how  external  factors  alter  DNA  supercoiiing,  a  role  for  such  changes  in  the 
regulation  of  gene  expression  is  rapidly  being  established.  A  whole  new  facet  of 
cellular  control  is  emerging.  Genes  and  environm.cntal  parameters  can  no  longer  be 
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considered  in  isolation.  Environmentally  induced  supercoiling  changes  appear  to 
provide  an  underlying  regulatory  network  upon  which  more  specific  regulatory  events 
are  superimposed.  This  network  enables  the  cell  to  adjust  coordinately  and 
appropriately  its  physiology  in  response  to  multiple  environmental  changes.  One  such 
occasion  may  be  during  the  invasive  process;  we  suggest  that  the  ability  of  the  cell  to 
adjust  DNA  supercoiling  plays  a  crucial  role  in  bacterial  vimlence. 
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ABSTRACT 

Boridetella  pertussis  strains  haboring  transposon  TnphoA  insertions  in  w 
regulated  genes  have  been  analysed  for  loss  of  virulence  factors  and  tor 
sequences  involved  in  regulation  by  the  yir  locus.  Fusions  have  been  identified 
in  previously  uncharacterised  yir  activated  and  repressed  genes. 


KEYWORDS 

B.  pertussis,  modulation,  regulation. 


INTRODUCTION 

Pathogenic  microorganisms  coordinately  regulate  the  production  of 
virulence  factors  according  to  the  environment  in  which  they  find  themselves. 
The  regulatory  systems  of  V.  choleras  and  A,  tumefaciens  are  well 
characterised  examples.  B.  pertussis,  the  causative  agent  of  whooping  cough, 
coordinately  regulates  the  expression  of  pertussis  toxin,  filamentous 
haemagglutinin,  haemolysin  and  agglutinogens.  These  virulence  factors  are 
regulated  in  response  to  environmental  signals  in  a  phenomenon  known  as 
phenotypic  modulation  (3).  In  the  laboratory,  B.  pertussis  no  ipnger  expresses 
virulence  determinants  in  the  presence  of  low  temperature  (25' C).  high 
MgSO,(20mM)  or  high  nicotinic  acid  (5mM).  This  is  controlled  by  two  genes  yir 
and  mod  (2),  It  has  recently  been  shown  that  in  addition  to  genes  activated  by 
yiC  (vaqs)  others  are  repressed  (yrgs)  (2).  The  function  of  these  yrgs  has  not 
been  determined  but  it  is  tempting  to  speculate  that  they  may  be  involved  in 
adaptation  to  an  environment  other  than  the  disease  state. 


RESULTS 


TnphoA  insertions  in  B.  pertussis  strain  18323  were  screened  for  alkaline 
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phosphatase  activity  in  media  containing  high  and  low  concentrations  of 
modulators.  As  has  been  previously  reported  (2)  14  yjr  regulated  fusions  were 
identified,  9  of  these  were  activated  by  vir  (vags)  and  5  were  repressed  (yrgs). 
The  positively  regulated  TnphoA  fusions  were  characterised  for  loss  of  known 
virulence  determinants:  pertussis  toxin,  fha,  adenyl  cyclase  and  dermonecrotic 
toxin.  In  addition  fusions  were  screened  for  loss  of  outer  membrane  proteins. 
Results  are  shown  in  Table  1. 


lASLEJ. 


STRAIN 

FUSION 

PHENOTYPE 

C0L0NI2AT0N 

18323 

wt 

+ 

SK39 

vaq-39 

ptx- 

+  /* 

SK75 

vaq-75 

fha- 

+ 

SK91 

vag-91 

fha- 

- 

SK16 

vaq-16 

fha- 

+ 

SK97 

vaq-97 

hly- 

ND 

SK8 

ysfl-a 

66kd  major  OMP  - 

- 

SK34 

yag-34 

65kd  minor  OMP- 
40kd  minor  OMP- 

-F 

SK49 

ygg.49 

? 

+ 

SK25 

y23-25 

? 

+ 

SK6 

vrg-6 

? 

. 

SK18 

vrg-18 

? 

+ 

SK25 

vrg-25 

? 

+ 

+  =  cfu  in  the  lungs  of  mice  2  weeks  after  challenge  equal  to  1  log 
or  greater  than  the  challenge  dose 
(approx.  5.10’) 

-  =>  cfu  in  the  lungs  3  logs  or  less  than  the  challenge  dose 
•f /-  =  cfu  in  the  lungs  equal  to  the  challenge  dose 

SK39  was  defective  in  a  fetuin  ELISA  and  was  also  negative  in  the  CHO 
cell  assay.  Using  a  pertussis  toxin-derived  probe  we  have  determined  that  the 
TnphoA  is  inserted  into  the  SI  subunit  of  the  toxin.  Three  strains  (SK16,  SK75, 
and  SK91)  were  negative  for  FHA  on  the  basis  of  goose  blood  agglutination,  and 
this  was  confirmed  by  SOS  gel  electrophoresis.  However  none  of  these  fusions 
appear  to  be  in  the  structural  gene  for  FHA  (C.  Locht,  unpublished  infomation). 
However,  mouse  lung  colonization  data  has  shown  that  one  of  these  fusion 
strains  (SK91)  is  defective.  While  FHA  has  been  shown  to  be  required  for  in  vitro 
adherence  of  B.  pertussis  to  cultured  cells  (4),  FHA-negative  strains  have  not 
previously  been  shown  to  be  defective  in  colonization  in  an  animal  model. 
However,  this  defective  phenotype  may  be  unusual  in  that  two  other  FHA- 
mutants  (SKI 6  and  SK75)  did  not  show  colonization  defects.  Interestingly, 
serotyping  using  the  standard  sera  against  type  2  and  type  3/6  agglutinogens 
show  SK91  to  be  negative  for  both  agglutinogens  while  SKI 6  and  SK75  react  with 
sera  to  both  agglutinogens.  Perhaps  3/6  corresponds  to  a  fimbria  which  can 
substitute  for  FHA. 

The  role  of  haemolysin  in  the  pathogenesis  of  B.  pertussis  infection  is 
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unclear,  although  its  production  is  associated  with  viru!ence(6).  One  fusion, 

SKS7,  was  nonhaemolytic,  although  it  had  adenyl  cyclase  enzymatic  aci\^.  This 
is  in  contrast  to  the  nonhaemolytic  mutants  isolated  by  Weiss  et  al.(6)  which  were 
all  deficient  in  adenyl  cyclase  enzymatic  activity. 

Of  great  interest  to  us  was  the  possibility  of  isolating  fusions  in  previously 
unidentified  virulence  genes.  We  screened  for  these  firstly  by  looking  for  loss  of 
outer  membrane  proteins  (OMPs)  on  SDS-PAGE.  This  identified  one  fusion  SK8 
defective  in  production  of  a  major  OMP  of  approximately  66kd.  Colonization 
studies  indicate  that  this  strain  has  greatly  reduced  colonization  ability  when 
compared  to  18323.  Another  fusion,  SK34,  had  a  normal  SDS-PAGE  profile  but  a 
Western  probed  with  anti-phase  I  sera  showed  that  three  highly  immunogenic 
bands  were  missing  when  compared  to  the  wild  type.  Neither  SK8  nor  SK34  are 
defective  in  the  69kd  protein  which  is  thought  to  be  an  important  antigen  of  B. 
pertussis  vaccine  preparations  (1) 

Two  fusion  strains,  SK49  and  SK25,  showed  no  defects  in  the  above 
assays. 

CLONING  OF  yjr  ACTIVATED  ohoA  FUSIONS 

We  were  interested  in  regulation  of  yir  activated  and  repressed  genes  in 
addition  to  any  novel  virulence  factors.  We  chose  to  study  two  vags.  vag34  and 
vaq49.  SK34  was  chosen  because,  although  it  appeared  to  be  a  minor 
membrane  component,  it  was  highly  immunogenic.  SK49  has  not  been  assigned 
a  phenotype  but  alkaline  phosphatase  activity  was  strongly  regulated  under 
modulating  and  nonmodulating  conditons.  The  fusion  junctions  of  these  two 
mutants  were  cloned  in  E.coli  using  the  vector  pUC18.  The  resultant  clones 
pTFICX)  (from  SK34)  and  pTFIOI  (from  SK49)  both  produced  alkaline 
phosphatase  activity  in  the  E.  coli,  but  this  activity  was  not  modulated  in  the 
presence  of  the  cloned  wr  locus  (Table  2).  The  higher  activity  seen  with  pTFlOO 
is  probably  due  to  read  through  from  the  lacZ  promoter;  the  insertion  in  pTFIOI 
is  in  the  opposite  orientaton  and  readthrough  from  the  lacZ  promoter  unlikely. 
This  is  in  contrast  to  results  of  Stibitz  et  al.  (5)  who  have  shown  modulation  of  fhg 
expression  by  the  yjr  locus  in  E.  coli. 

]m£2 

ALKALINE  PHOSPHATASE  ACTIVITY  IN  E.COLI 


STRAIN  UNITS 

NA  MgSO. 


CC118  pTFlOO 

1514 

- 

CC118  pTFlOO  pGB304 

1833 

1957 

CC118  pTFlOO  PLAFC1 

1139 

744 

CC118  pTFIOI 

49 

. 

CC118  pTFIOI  pGB304 

47 

54 

CC118  pTFIOI  pL4FC1 

42 

40 

NA  -  no  modulators,  MgSO,  -  20mM 
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Similar  experiments  were  performed  in  a  B.  bronchoseptica  IT-2  background. 
The  fusions  were  subcloned  from  pTFlOO  and  pTFIOI  onto  pLAFR2  and  the 
resultant  plasmids  termed  pTFOOt  and  pTF003  respectively.  As  can  be  seen 
from  Table  2,  the  alkaline  phosphatase  activity  was  modulated  in  a  B. 
bronchoseptica  background. 


TABLES 

ALKALINE  PHOSPHATASE  ACTIVITY  IN  B.  bronchoseptica 


STRAIN 

UNITS 

NA 

MgSO, 

Nic 

IT-2 

9 

ND 

ND 

IT-2  pTFOOf 

3083 

17 

468 

IT-2  pTF003 

3156 

27 

770 

NA  ♦  no  modulators  added,  MgSO<  -  20mM,  Nic  -  nicotinic  acid  5mM 

These  results  demonstrate  that  the  region  of  the  B.  pertussis  chromosome 
isolated  from  these  fusions  contains  all  the  infomation  necessary  for  interaction 
with  yjr  gene  products  to  regulate  their  expression  under  modulating  and 
nonmodulating  conditions. 

CLONING  OF  yjr  REPRESSED  GENES 

Strains  SK6  and  SK18  harbor  negatively  regulated  TnphoA  fusions, 
designated  vra6  and  vrg18.  Both  of  these  fusions  have  been  cloned  into  the 
vector  pLAFR2  and  mobilized  into  B.  portussis.  In  the  Tohama  I  derivative  348 
(h!yl::Tn5)  there  was  strong  induction  of  alkaline  phosphatase  activity  in  the 
presence  of  modulators.  In  strain  347  (Tohama  I  vir1::Tn5)  the  levels  were  high 
and  unregulated. 

The  fusion  junction  and  upstream  DNA  from  both  clones  were  sequenced, 
and  nested  deletions  created  using  Exonuclease  III.  Measurement  of  alkaline 
phosphatase  activity  from  these  deletion  clones  in  B.  pertussis  348  revealed 
that  regulation  was  maintained  even  when  all  but  14bp  upstream  of  the  initiation 
codon  were  removed  (Fig.1)  This  suggests  that  regulation  of  these  genes 
occurs  at  sites  very  near  or  within  the  coding  region.  A  nearly  perfect  20bp 
dyad  repeat  is  found  within  the  coding  sequence  of  vrqS  and  is  superimposed 
by  an  8bp  direct  repeat.  Insertion  of  a  Smal  linker  in  this  region  abolishes 
regulation.  A  similar  sequence  showing  75%  identity  to  the  dyad/direct  repeat 
is  found  in  an  identical  location  in  vrg18.  Sequences  with  lesser  identity  are 
found  upstream  of  the  coding  regions  of  two  yir  activated  genes,  ptx  and  fhi, 
implying  that  the  binding  sites  for  regulatory  proteins  may  be  conserved  among 
both  categories  of  genes  and  differential  regulation  may  be  determined  by 
location  relative  to  the  promoter. 

The  function  of  yir  repressed  genes  is  not  known.  However  they  appear  to 
play  a  role  in  the  pathogenesis  of  B.  pertussis  as  strain  SK6  was  found  to  be 
defective  in  colonization  of  mouse  lungs  (Table  1). 
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POSITIONS  OF  DELETIONS  RELATIVE  TO  INITIATION  COOON 


Strains  grown  on  Bordet-Gengou  plates  in  the  absence  or 
presence  of  20mM  MgSO^  and  5mM  nicotinic  acid 
Numbers  above  bars  indicate  induction  ratios 


DISCUSSION 

Many  aspects  of  Bordetella  pertussis  pathogenesis  remain  unclear  despite 
progress  in  the  genetic  characterization  of  several  virulence  factors  and  the  yir 
regulatory  locus.  We  have  used  TnphoA  insertional  mutagenesis  to  identify 
and  to  analyze  coordinately  regulated  renes.  Using  this  approach,  we  have 
isolated  strains  harboring  fusions  in  botn  yir  activated  and  yir  repressed  genes. 
These  tv/o  groups  appear  to  include  previously  unidentified  virulence  factors. 
Phenotypic  characterization  of  these  fusion  strains  in  animal  and  tissue  culture 
models,  as  well  as  molecular  characterization  of  yir  regulated  genes  should 
increase  our  understanding  of  how  B.  pertussis  causes  disease. 
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I.  INTRODUCTION 

The  Shiga-like  toxins  (SLTs)  of  Escherichia  coli  are  cytotoxins  related  to  Shiga 
toxin  of  Shigella  dysenteriae  1  (14).  All  members  of  the  Shiga  toxin  family  are 
bipartite  molecules  comprised  of  an  enzymatically  active  A  subunit,  which  can 
inhibit  protein  synthesis,  and  multiple  copies  of  a  B  or  binding  subunit.  Shiga- 
like  toxin  type  I  (SLT-I)  and  Shiga-like  toxin  type  II  (SLT-II)  are  produced  by 
enterohemorrhagic  E.  coli  (EHEC)  strains  associated  with  diarrhea,  hemorrhagic 
colitis,  and  the  hemolytic  uremic  syndrome  in  humans  (13),  whereas  Shiga-like 
toxin  type  II  variant  (SLT-llv)  is  produced  by  E.  coli  strains  responsible  for  edema 
disease  of  swine  (11).  The  Shiga-like  toxins  are  similar  in  structure  and  biological 
activities  but  vary  with  respect  to  immunological  relatedness  and  cytotoxic 
specificity.  Hence,  antiserum  to  purified  Shiga  toxin  neutralizes  SLT-I  (14)  but 
does  not  neutralize  the  immunologically  cross-reactive  toxins  SLT-II  or  SLT-llv 
(11,19).  In  addition,  Shiga  toxin,  SLT-I,  and  SLT-II  are  equally  cytotoxic  for  HeLa 
and  Vero  cells,  whereas  SLT-llv  is  markedly  more  cytotoxic  for  Vero  cells  (1i). 

The  functional  receptor  for  the  B  subunits  of  Shiga  toxin,  SLT-I,  and  SLT-II  is 
globotriaosyl  ceramide  (Gbj)  (9,10,21).  However,  Gbj  does  not  appear  to  be  the 
functional  receptor  for  the  SLT-llv  B  subunit  which  may  explain  why  the  variant 
toxin  differs  from  the  other  members  of  the  Shiga  toxin  family  with  respect  to 
cytotoxic  specificity  (J.E.  Samuel,  D.L.  Weinstein,  V.  Ginsburg,  and  H.  Krivan, 
Abstr.  Annu.  Meet.  Am.  Soc.  Microbiol.  1989,  B73,  p.70).  The  purpose  of  this 
report  is  to  summarize  our  current  understanding  of  the  molecular  genetics  of  the 
Shiga-like  toxin  family  and  to  provide  insight  into  the  relationship  between  toxin 
structure  and  function. 
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il.  MOLECULAR  GENETICS  OF  THE  SHIGA  TOXIN  FAMILY 

A.  Genetic  Relationship  Among  Shiga  Toxin  Family  Members 

The  nucleotide  sequences  have  been  determined  for  all  the  members  of  the  Shiga 
toxin  family  identified  to  date  (1,3,7,17,22).  The  sizes  of  the  A  subunit  and  B 
subunit  polypeptides  of  the  family  members  as  calculated  from  the  deduced  amino 
acid  sequences  are  approximately  32,200  daltons  and  7,700  daltons,  respectively. 
The  genes  coding  for  the  A  subunit  and  B  subunit  of  these  toxins  are  arranged 
in  tandem  as  an  operon  with  a  gap  of  12  to  15  nucleotides  between  the  open 
reading  frames.  A  putative  ribosomal  binding  site  exists  immediately  upstream  of 
the  A  subunit  coding  region  with  a  second  putative  Shine-Dalgarno  site  located 
in  the  gap  between  the  A  subunit  and  B  subunit  genes.  The  nucleotide 
sequences  of  Shiga  toxin  and  SLT-I  are  essentially  identical  (17).  These 
sequences  differ  by  only  three  nucleotides  which  results  in  a  single  conservative 
amino  acid  change  within  the  A  subunit.  The  structural  genes  for  Shiga  toxin/SLT- 
I  share  55%  nucleotide  sequence  homology  with  SLT-II  (7)  and  57%  nucleotide 
sequence  homology  with  SLT-lIv  (22). 

B.  Characterization  of  Promoters  for  the  SLT  Operons 

The  promoter  for  the  stx/sit-l  operon  was  previously  mapped  by  primer  extension 
analysis  (3)  and  its  location  confirmed  by  deletion  analysis  (2).  We  have  used 
primer  extension  and  SI  nuclease  protection  analyses  to  determine  that  the 
transcription  start  site  for  the  SLT-II  operon  is  an  adenine  residue  118  nucleotides 
upstream  of  the  srt-IIA  initiation  codon  (LM.  Sung,  M.P.  Jackson,  D.L  Weinstein, 
and  A.D.  O’Brien,  Abstr.  Annu.  Meet.  Am.  Soc.  Microbiol.  1988,  D77,  p.84).  In 
contrast  to  the  stx/sit-l  promoter,  the  nucleotide  sequence  of  the  putative  s|t-ll 
promoter  is  not  highly  homologous  to  a  consensus  sequence  established  from  a 
compilation  of  defined  E.  coli  promoters.  Thus,  the  sft-l  promoter  might  be  a 
more  effective  transcription  start  signal  than  the  putative  sit-ll  promoter.  Indeed, 
the  levels  of  SLT-I  observed  in  cell  lysates  of  SLT-producing  EHEC  strains  are  100 
to  1000-fold  higher  than  for  SLT-II  (19).  To  examine  the  possibility  that  this 
difference  in  toxin  levels  reflects  a  difference  in  transcriptional  efficiency  between 
the  sj^stt-l  promoter  and  the  putative  sit-ll  promoter,  the  promoters  will  be 
exchanged  to  create  hybrid  operons.  These  hybrid  operons  will  consist  of  the 
stx/sit-l  promoter  fused  with  the  sit-ll  structural  genes  and  the  putative  sjt-ll 
promoter  Kised  with  the  stx/sit-l  structural  genes.  To  facilitate  this  promoter 
exchange,  compatible  restriction  endonuclease  sites  bracketing  the  Shiga  toxin 
promoter  and  the  putative  SLT-II  promoter  have  been  created  by  cligonucleotide- 
mediated  site-specific  mutagenesis. 

C.  Iron  Regulation  of  the  Shiga-like  Toxins 

The  role  of  iron  regulation  in  the  virulence  of  SLT-producing  E.  coli  is  of 
considerable  interest  to  our  laboratory.  Shiga  toxin/SLT-l  production  has  been 
shown  by  several  groups  to  be  repressed  by  high  levels  of  iron  (2,3,23).  Iron 
regulation  of  the  SLT-I  operon  is  mediated  by  the  binding  of  the  fur  protein  and 
its  iron  co-repressor  to  a  site  within  the  sjt-l  promoter  which  prevents  transcription 
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Of  the  toxin  genes  (2).  SLT-II  and  SLT-llv  production  are  not  influenced  by  the 
concentration  of  iron  in  the  media  (22).  Recent  studies  in  our  laboratory  using  E.. 
coli  fijr  mutants  have  also  shown  that,  as  expected,  the  stt-ll  operon  is  not  subject 
to  regulation  by  the  repressor  (Table  I).  As  discussed  above,  we  are  currently 
replacing  the  putative  sjt-ll  promoter  with  the  stx/sit-l  promoter  which  should 
convert  sjt-ll  to  an  iron  regulated  operon  under  fur  repressor  control.  Using  this 
construct  we  will  examine  the  relevance  of  iron-regulation  in  the  pathogenesis  to 
SLT-producing  E.  coli. 

TABLE  I 

Comparison  of  the  stx/sit-l  promoter  and  the  putative  stt-ll  promoter. 

Toxin  Transcription  Homology  to  E.  coli  Toxin  synthesis  Acted  on  by 
promoter  start  site  promoter  consensus  inhibited  by  iron  y:  repressor 

s]^stt-l  -106  HIGH  YES  YES 

sit-ll  -118  LOW  NO  NO 


D.  Transcriptional  Regulation  of  SLT-ii 

Previous  studies  by  DeGrandis  et  al.  (3)  on  the  sit-l  operon  suggested  that  s|t-IA 
and  sjt-IB  are  transcribed  as  a  single  bicistronic  mRNA  from  the  promoter 
identified  upstream  of  sjt-IA.  However,  this  study  and  previous  findings  (12,23)  still 
left  open  the  possibility  that  a  second  promoter  existed  within  the  downstream 
sequences  of  the  sjt-IA  open  reading  frame.  An  independent  transcriptional  start 
site  for  sjt-IB  could  lead  to  increased  expression  of  the  3  subunit  gene  and  help 
explain  the  single  A  subunit  to  multiple  B  subunit  protein  stoichiometry  observed 
in  the  holotoxin  (4,14). 

Recently,  we  used  Northern  blot  analysis  to  investigate  the  transcriptional 
regulation  of  the  sjt-ll  operon.  When  total  cellular  RNA  isolated  from  the  SLT-II 
clone,  E.  coli  HB101(pNN76),  was  probed  with  a  DNA  fragment  comprising  sjt- 
IIA  and  sjt-IIB,  a  single  band  corresponding  in  size  to  a  bicistronic  mRNA  wa.'? 
observed  (LM.  Sung  and  M.P.  Jackson,  Abstr.  Annu.  Meet.  Soc.  Microbiol.  1989, 
H89,  p.184).  A  DNA  probe  containing  only  sjt-IIB  hybridized  to  the  identical 
transcript.  Furthermore,  primer  extension  analysis  did  not  identify  a  transcription 
start  site  within  the  downstream  sequences  of  sjt-IIA.  Therefore,  the  possibility  of 
the  independent  transcription  of  sjt-IIB  seems  unlikely. 


III.  RELATIONSHIP  BETWEEN  TOXIN  STRUCTURE  AND  FUNCTION  OF  THE 
SHIGA  TOXIN  FAMILY 

A.  The  A  Subunits  of  the  Shiga  Toxin  Family 

The  A  subunit  of  Shiga  toxin/SLT-l,  SLT-II,  SLT-llv  and  the  plant  lectin  ricin  have 
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identical  enzymatic  activities  (5,15).  These  cytotoxins  are  rRNA  N-glycosidases 
that  cleave  a  specific  adenine  residue  from  the  28S  rRNA  of  the  eucaryotic 
ribosome  (5).  By  comparing  the  A  subunit  sequences  of  SLT-I  and  SLT-II  with  a 
putative  active  site  cleft  in  the  A  subunit  of  ricin,  Hovde,  et  aj.  (6)  provided 
evidence  that  glutamate  167  in  the  SLT-I  A  subunit  (the  A  subunits  of  Shiga  toxin 
and  SLT-i  are  identical  at  this  position)  is  an  active  site.  A  mutation  induced  at 
the  corresponding  glutamate  in  the  SLT-II  A  subunit  supports  the  hypothesis  that 
this  residue  is  the  active  site  for  all  members  of  the  Shiga  toxin  family  (M.P. 
Jackson  and  S.B.  Calderwood,  manuscript  in  preparation). 

B.  The  B  Subunits  of  the  Shiga  Toxin  Family 

Experiments  using  hybrid  toxins  comprised  of  the  A  and  B  subunits  of  Shiga  toxin, 
SLT-I,  SLT-II,  and  SLT-llv  demonstrated  that  the  B  moiety  dictates  cytotoxic 
specificity  and  extracellular  localization  in  E.  coli  (D.L  Weinstein,  M.P.  Jackson, 
LP.  Perera,  R.K.  Holmes,  and  A.D.  O’Brien,  Abstr.  Annu.  Meet.  Am.  Soc.  Microbiol. 
1989,  D207,  p.117,  and  manuscript  submitted).  In  an  attempt  to  identify  domains 
of  the  Shiga  toxin  and  SLT-llv  B  polypeptides  involved  in  receptor  binding  and 
toxin  localization  in  E.  coli,  oligonucleotide-directed  site-specific  mutagenesis  was 
used  to  change  specific  amino  acid  residues. 

1.  induction  of  Missense  Mutations  in  the  Shiga  Toxin  B  Subunit 

A  hydrophilic  sequence  between  residues  10  and  20  of  the  Shiga  toxin  B  subunit 
has  been  proposed  to  be  an  antigenic  region  of  the  polypeptide  (16).  This  region 
is  highly  conserved  in  the  B  subunits  of  Shiga  toxin,  SLT-I,  SLT-II,  and  SLT-llv 
(7,17,22).  Amino  acid  substitutions  designed  to  reduce  the  hydrophilicity  of  this 
conserved  region  were  induced  at  aspartate  residues  16,  17,  and  18  of  the  Shiga 
toxin  B  subunit  (Table  II).  Only  the  double  mutation  aspartate  16  and  17  to 
histidines  (D16H,D17H  in  Table  II)  had  a  significant  effect  on  activity.  This  double 
mutation  resulted  in  the  total  loss  of  cytotoxic  activity  on  HeLa  cells  and  Vero 
cells.  However,  the  mutated  polypeptide  was  fully  immunoreactive  in  the  colony 
blot  ELISA  using  three  monoclonal  antibodies  that  were  specific  for  the  native 
Shiga  toxin  B  subunit  (data  not  shown).  Because  these  monoclonal  antibodies 
recognize  conformation-dependent  epitopes  (18),  this  result  indicates  that  the 
conformation  of  the  B  polypeptide  was  not  drastically  changed.  Furthermore, 
immuno-  precipitation  using  monoclonal  antibodies  against  the  individual  subunits 
demonstrated  association  between  the  A  subunit  and  the  mutated  B  subunit. 
Therefore,  the  loss  of  activity  was  not  due  to  failure  of  the  holotoxin  to  assembly. 

2.  Induction  of  Missense  Mutations  in  the  SLT-llv  B  Subunit 

Although  Shiga  toxin  and  SLT-llv  differ  with  respect  to  cytotoxic  specificity,  there 
are  relatively  few  significant  amino  acid  differences  between  the  B  subunits  of 
these  two  toxins  when  their  nucleotide  sequences  are  aligned.  To  identify  a 
receptor  binding  site,  we  changed  several  residues  in  the  B  subunit  of  Shiga  toxin 
to  the  corresponding  residue  at  the  same  position  in  the  SLT-llv  B  subunit. 
Conversely,  residues  in  the  SLT-llv  B  subunit  were  altered  to  resemble  the  Shiga 
toxin  amino  acid  sequence  (one  example,  N17D  in  Table  III).  While  none  of  the 
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amino  acid  changes  altered  cytotoxic  specificity,  the  glutamine  64  to  glutamate 
mutation  at  the  carboxyl-terminus  dramatically  affected  the  localization  of  SLT-llv 
in  E.  coli;  the  level  of  extracellular  cytotoxin  was  reduced  1000-fold  (Table  III).  The 
SLT-llv  B  subunit  is  a  basic  molecule  with  an  isoelectric  point  (pi)  d  10.2  (22). 
Replacement  of  glutamine  64  with  a  glutamate  alters  the  charge  of  this  molecule 
at  neutral  pH  and  therefore  may  have  affected  the  localization  of  SLT-llv  by 
disrupting  ionic  interactions  with  the  E.  coli  cell  envelope. 


TABLE  II 

Missense  mutations  in  the 
Shiga  toxin  B  subunit. 

Residue®  Cytotoxicity*^ 


pEW3  7 
D16H.D17H  0 
D16N.D17N  7 
01 6N  7 
01 7N  7 
01 8N  7 


TABLE  III 

Missense  mutations  in  the 
SLT-llv  B  subunit 


Residue® 

Cytotoxicity*^ 
CA'^  EC  (%) 

PDLW5.3 

4 

5(91) 

N17D 

3 

4(91) 

Q64E 

4 

2(1) 

N17D,Q64E 

3 

0(0) 

a 


b 

c 

d 


NomerKlature  of  Knowles  (8).  One  letter  amino  acid  abbreviations;  asparagine,  N; 

aspartate,  D;  glutamate,  E;  glutamine,  Q;  and  histidine,  H. 
log  SO  %  cytotoxic  doses  per  milliliter 
cell-associated  toxin 
extracellular  toxin  and  (percent  of  totaQ 

Plasmid  EW3  expresses  wild-type  Shiga  toxin.  Plasmid  DLW5.3  expresses  wild-type  SLT-llv. 


3.  Nonsense  Mutations  In  the  Shiga  Toxin  B  Subunit 

Previous  studies  using  fluorescence  spectroscopy  demonstrated  that  tryptophan 
34  is  at  or  very  near  the  Gbj  receptor  binding  domain  (20).  Expression  of  the 
amber  mutation  induced  at  position  34  in  tho  E.  coli  tRNA  suppressor  mutant 
LE392  resulted  in  the  replacement  of  tryptophan  34  with  a  glutamine  or  a  tyrosine. 
This  mutation  (W34  in  Table  IV)  did  not  prevent  binding  to  the  receptor  analog, 
which  indicates  that  this  residue  is  not  directly  involved  in  receptor  recognition. 
A  single  intrachain  disulfide  bond  links  two  identically  located  cysteine  residues 
found  in  the  B  subunits  of  Shiga  toxin,  SLT-I,  SLT-II,  and  SLT-llv  (7,16,17,22).  This 
disulfide  bond  is  eliminated  when  the  amber  mutation  induced  in  the  Shiga  toxin 
B  subunit  at  cysteine  57  is  expressed  in  the  nonsuppressor  host  MC41(X).  This 
mutation  resulted  in  the  total  loss  of  cytotoxicity,  receptor  analog  binding  (Table 
IV),  and  immunoreactivity  (data  not  shown).  In  addition,  expression  of  the  amber 
mutation  induced  at  position  65  (E65)  in  E.  coli  MC4100  resulted  in  the  truncation 
of  the  polypeptide  from  69  to  64  amino  acids  and  rendered  the  Shiga  toxin  B 
subunit  inactive  in  all  assays.  Thus,  the  elimination  of  the  single  intrachain 
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disulfide  bond,  as  well  as  truncation  of  the  polypeptide  by  five  amino  acids,  may 
have  altered  the  conformation  of  the  B  subunit  and  prevented  holotoxin  assembly. 
When  the  E65  amber  mutation  is  expressed  in  the  E.  coli  suppressor  host  HB10I, 
glutamate  65  is  replaced  with  a  glutamine,  the  residue  found  at  the  corresponding 
position  in  the  SLT-I(v  B  subunit.  However  as  shown  in  Table  IV,  cytotoxicity  and 
receptor  analog  binding  could  not  be  restored.  The  corresponding  mutation  in 
SLT-llvB  (Q64E  in  Table  III)  affected  extracellular  localization  of  the  holotoxin  in  E. 
coli  without  causrn  a  significant  effect  on  the  levels  of  cell-associated  cytotoxicity. 
These  results  indicate  that  the  carboxyl-terminus  of  the  SLT-llvB  is  important  for 
release  of  holotoxin  from  the  periplasm,  while  the  carboxyl-terminus  of  the  Shiga 
toxin  B  subunit  is  a  domain  important  for  the  structural  integrity  of  the  holotoxin. 


TABLE  IV 

Amber  termination  mutations  in  the  Shiga  toxin  B  subunit. 


E.  coli  strain® 

Residue*^ 

Cytotoxicity^ 

Receptor-analog  binding(%) 

HB101 

pEW3 

7 

100 

LE392 

W34 

6 

52 

MC4100 

C57 

0 

0 

MC4100 

E65 

0 

0 

HB101 

E65 

0 

0 

a 

b 

c 


MC4100.  nonsuppressor;  HB101.  suoE  mirtant;  and  LE392,  supE  supF  mutant. 
One  letter  amino  acid  abbreviations:  cysteine,  C;  glutamate,  E;  and  tryptophan,  W. 
log  SO  %  cytotoxic  doses  per  milliliter 
Plasmid  EW3  expresses  wild-type  Shiga  toxin. 


iV.  CONCLUSIONS 

The  structural  genes  for  Shiga  toxin/SLT-l  and  SLT-II  are  highly  related  in 
nucleotide  sequence  and  are  similar  in  operon  arrangement.  Recent  studies  in 
our  laboratory  on  characterization  of  the  sjj-ll  operon  indicate  that  transcription  of 
sIt-IIA  and  stt-IIB  occurs  as  a  bicisfronic  message,  a  finding  consistent  with 
published  observations  on  the  transcription  of  the  sb(/slt-l  operon.  However,  the 
efficiency  of  the  putative  sit-ll  promoter  as  a  transcriptional  start  signal  appears  to 
be  less  than  that  of  the  sit-l  promoter  based  on  a  comparison  to  an  E.  coli 
promoter  consensus  sequence.  Furthermore,  the  putative  sjt-ll  promoter  is  not 
iron-  regulated,  in  contrast  to  the  fur  protein-repressible  srt-l  promoter.  These 
differences  in  genetic  regulation  between  sb^sjj-l  and  sn-ll  are  being  explored  in 
our  laboratory  through  construction  of  promoter/structural  gene  hybrids. 

Site-directed  mutagenesis  was  used  to  alter  the  amino  acid  sequence  of  the  A 
subunit  of  SLT-II  and  the  B  subunits  of  Shiga  toxin  and  SLT-llv.  The  results  of 
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the  A  subunit  gene  mutagenesis  support  the  hypothesis  that  glutamate  167  may 
be  the  active  site  for  all  members  of  the  Shiga  toxin  family.  While  a  single  amino 
acid  could  not  be  identified  as  the  B  subunit  receptor  binding  moiety,  the 
hydrophilic  region  near  the  amino  terminus  of  the  Shiga  toxin  B  subunit  was 
determined  to  be  important  for  receptor  binding.  In  addition,  we  demonstrated 
that  the  carboxyl  terminus  is  important  for  the  structural  integrity  of  Shiga  toxin 
and  the  extracellular  localization  of  SLT-llv  in  E.  coli.  Multiple  residues  distantly 
separated  in  the  primary  structure  of  the  Shiga  toxin  and  SLT-llv  B  subunits  may 
be  required  for  receptor  recognition. 
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THE  GENUS  BOROETELLA 

The  genus  Bordeteiia  is  composed  of  four  pathogenic  species. 
B.  avium  Is  a  pathogen  for  birds,  B.  bronchiseptica  for 
several  mammalian  species,  B.  parapertussis  can  occasionally 
cause  disease  in  man,  and  B.  pertussis,  the  etiological 
agent  of  whooping  cough,  is  a  pathogen  exclusively  for  man 
(1,5,13).  While  all  species  produce  many  virulence  factors 
which  are  Involved  in  adhesion  to  epithelial  cells,  in  local 
damage,  in  evasion  of  host  defense  mechanisms  and  in 
systemic  intoxication  (13),  pertussis  toxin  (PT)  is  produced 
only  by  B.  pertussis.  PT  is  an  ADP-r ibosylating  enzyme 
believed  to  be  responsible  for  most  of  the  systemic 
manifestations  of  whooping  cough.  Interestingly,  also  B. 
parapertussis  and  B.  bronchiseptica  encode  the  PT  operon, 
but  they  do  not  express  it  (2). 


COORDINATE  REGULATION  OF  THE  VIRULENCE  FACTORS 

Most  of  the  virulence  factors  such  as  PT,  filamentous 
haemagglutinin  (FHA),  adenylate  cyclase/haemolysin, 
fimbriae,  outer  membrane  proteins  and  others  are  regulated 
coordinately .  A  spontaneous  loss  of  the  production  of  these 
factors  has  been  observed  after  passage  of  Bordeteiia 
species  in  the  laboratory,  which  is  rarely  reversible.  This 
phenomenon  has  been  called  phase  variation  and  leads  to 
avirulent  (phase  III)  variants  which  differ  strongly  in 
their  immunological  properties  from  the  virulent  (phase  I) 
bacteria.  A  similar  avirulent  phenotype  has  been  described 
by  Lacey  after  growth  of  the  bacteria  in  presence  of 
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nicotinic  acid,  salts  such  as  MgSO^ ,  or  after  growth  at  low 
temperature  (8).  This  phenomenon  (antigenic  modulation)  is 
reversible  and  reflects  a  change  in  gene  expression  as  a 
response  to  changes  in  the  environment.  Following  transposon 
mutagenesis  of  B.  pertussis,  Weiss  and  Fallcow  identified  a 
locus  (vir),  which  is  necessary  for  the  expression  of  the 
virulence  factors  and  they  proposed  a  model  where  the  vir 
locus  encodes  a  transactivating  factor(s)  which  interacts 
with  the  promoter  regions  of  the  virulence  genes  and 
activates  their  transcription  (17). 

This  chapter  is  focused  on  the  identification  of  the  DNA 
sequences  required  in  cis  and  in  trans  for  virulence  gene 
expression  in  B.  pertussis. 


THE  PERTUSSIS  TOXIN  PROMOTER 

The  pertussis  toxin  promoter  has  been  identified  after  the 
cloning  and  sequencing  of  the  PT  operon  (11).  It  shows  -10 
and  -35  regions  which  are  very  similar  to  the  canonical 
Escherichia  coli  promoter  sequences,  but  it  has  a  distance 
of  21  bp  between  the  two  regions  instead  of  the  typical  17 
bp  (12).  A  transcript  directed  from  the  PT  promoter  could  be 
found  only  in  phase  I  bacteria,  but  not  in  phase  III 
bacteria,  in  vir  insertion  mutants,  nor  in  bacteria  grown 
under  modulative  conditions  (5  mM  nicotinic  acid,  30  mn 
NgS04 ,  or  at  low  temperature).  This  showed  that  both 
mechanisms,  the  phase  variation  and  the  modulation,  act  at 
the  transcriptional  level  (7). 


GATTCGTCGTACAAAACCCTCGATTCTTCCGTACATCCCGq 


TAAAAT 

\  / 


tgctgaG. 
'  /  > 
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S/0 _ 

tI^TG 
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Fig.l:  Schematic  presentation  of  the  PT 
promoter  and  its  regulatory  sequences.  S/D 
marks  the  ribosomal  binding  site. 
Transcription  starts  with  an  adenosine  residue 
within  the  sequence  CAT.  The  -10  and  -35 
sequences  are  shown.  The  directly  repeated 
sequence  at  position  -117  to  -158  is  important 
for  the  vir-mediated  transactivation  of  the 
promoter . 
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A  deletion  analysis  of  the  pertussis  toxin  promoter  revealed 
that  at  least  170  bp  upstream  from  the  transcriptional  start 
site  are  necessary  fr r  its  vi r-dependent  activity  (4).  Fig. 
1  shows  that  a  direc  ly  repeated  sequence  is  located  at  the 
position  where  the  deletions  impair  the  promoter  activity 
(4). 

In  several  other  positively  regulated  promoters  direct 
repeats  have  been  shown  to  be  binding  sites  for 
transactivating  factors.  It  is  therefore  possible  that  the 
direct  repeat  in  the  PT  promoter  represents  a  binding  site 
for  a  vir  encoded  activator  protein.  DNA  binding  studies  are 
under  way  to  clarify  the  function  of  this  repeated  sequence 
in  the  PT  promoter. 

The  analysis  of  the  activity  of  the  PT  promoter  and  its 
various  deletion  derivatives  in  phase  I  and  phase  III 
variants  of  the  species  B.  pertussis,  B.  parapertussis  and 
B.  bronchiseptica  grown  under  various  modulative  and 
non-modulative  conditions  revealed  that  the  modulation 
occurs  through  the  same  cis-acting  sequences  which  are 
required  for  the  transactivation  by  the  vir  system  (7). 
Furthermore,  phase  III  variants  did  not  show  a  modulation  of 
the  PT  promoter  activity.  This  demonstrated  that  the 
modulation  also  acts  through  the  vir  system  (7). 
Interestingly,  the  species  B.  parapertussis  and 

B.  bronchiseptica  containing  the  silent  PT  operons  were  able 
to  express  the  PT  promoter  of  B.  pertussis.  This  showed  that 
they  are  endowed  with  a  functional  vir  system  (4).  Their 
inability  to  express  their  own  PT  operons  is  due  to  a  strong 
accumulation  of  point  mutations  in  the  170  bp  region 
upstream  of  the  transcription  initiation  site,  which  is 
exactly  the  region  important  for  transactivation  by  the  vir 
system  (4). 


THE  NUCLEOTIDE  SEQUENCE  OF  THE  BORDETELLA  VIR/BVG  LOCUS 

The  B.  pertussis  vir  locus  has  originally  been  cloned  by 
complementation  of  a  Tn5  insertion  mutant  in  vir  (15).  It  is 
closely  linked  to  the  structural  ^.'ne  encoding  FHA  (15). 

The  nucleotide  sequence  of  the  vir  loci  of  the  Bordetella 
species  revealed  that  the  vir  system  is  composed  of  three 
genes  called  bvgA,  bvgB  and  bvgC  ( bvg  -  Bordetella  vir  gene) 
(3).  Fig.  2  shows  the  genetic  organization  of  the  bvg  operon 
with  the  direction  of  transcription  from  left  Lo  right.  No 
typical  transcriptional  signals  have  been  identified  so  far. 
The  BvgA  protein  has  a  size  of  23  Kd  and  is  very  likely  a 
cytoplasmic  protein.  The  bvgB  gene  encodes  a  30  Kd  protein 
which  is  probably  located  in  the  periplasm  because  of  the 
presence  of  a  leader  sequence  and  its  general  hydrophilic 
character.  The  third  protein  BvgC  has  a  size  of  102  Kd  and 


320  ■  R.  Gross  et  al. 


/-  I 


is  probably  a  transmembrane  protein  with  a  periplasmic  and  a 
cytoplasmic  domain.  Non  polar  linker  insertions  in  each  of 
the  three  open  reading  frames  destroyed  the  vir  activity 
which  demonstrated  that  all  three  genes  are  essential  for 
vir  function  (3).  All  characterized  mutants  or  spontaneous 
phase  variants  so  far  had  mutations  in  the  region  of  the 
three  open  reading  frames.  Interestingly,  the  only 
description  of  a  reversible  phase  variation,  observed  with 
the  Tohama  strain,  involved  a  reversible  frameshift  mutation 
in  the  bvgC  gene  C16).  However,  most  of  the  spontaneous 
phase  III  derivatives  of  B.  bronchiseptica  analysed  so  far 
had  non  reversible  deletions  in  various  parts  of  the  vir/bvg 
region  (10). 


s 

I 

£ 


1 


“S 

(2 


LU. 


X 

?  s 

u  m 


/(W- 

■  i 


IM'2 

C-J _ I _ L 


!000 

9 

a  S 

iiX-X  a,  a  u 
_ I  1 


JOOO 

9 


4000-. 

9 


sooo 

9 


I  Kb 


mo 

9 


•-.a  a 


1 

M 


a 

z 


PiaB  bvgA  bvgB 


bvgC 


RFXEIVF.R 


TRANSMITTER  RECEIVER 


Fig. 2:  Restriction  map  and  structure  of  the 
vir/bvg  operon  of  B.  pertussis.  The  three  open 
reading  frames  coding  for  BvgA,  BvgB  and  BvgC 
are  shown.  The  homologies  to  the  proteins  of 
the  two-component  systems  are  indicated 
(receiver/transmitter).  Hydrophobic  parts  of 
the  proteins  are  shown  as  black  bars. 


THE  BORDETELLA  BVG  SYSTEM  BELONGS  TO  A  FA.MILY  OF  BACTERIAL 
SIGNAL  TRANSDUCING  PROTEINS 

The  search  for  homologies  with  other  proteins  revealed  that 
the  Bordetella  bvg  system  belongs  to  a  family  of  prokaryotic 
proteins  which  are  involved  in  signal  transduction  and  gene 
regulation  (3).  These  systems  respond  to  changes  in  the 
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enviroment  by  regulation  of  gene  expression  (6,9,14).  They 
are  typically  composed  of  two  proteins:  a  sensory  protein  in 
the  cytoplasmic  membrane  and  a  cytoplasmic  DNA  binding 
regulatory  protein  (Fig.  3).  The  sensor  proteins  generally 
have  two  domains,  a  periplasmic  sensor  domain  and  a 
cytoplasmic  domain  which  is  conserved  in  all  the  sensor 
proteins.  This  conserved  domain  is  called  "transmitter" 
domain  and  has  a  kinase  activity  which  phosphorylates  the 
activator  protein.  The  activator  has  typically  a  C-terminal 
domain  which  binds  to  specific  DNA  sequences  and  a  strongly 
conserved  N-terminal  domain  called  "receiver"  which  is 
phosphorylated  by  the  transmitter.  In  the  phosphorylated 
state  the  regulator  protein  is  believed  to  activate 
transcription  from  its  target  promoters  (Fig.  3). 
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Fig. 3:  Schematic  presentation  of  some  proteins 
belonging  to  the  two-component  systems.  On  the 
left  sensor  proteins  such  as  EnvZ  are  shown, 
which  have  the  homologous  transmitter  domain 
in  their  C-terminal  parts.  On  the  right  the 
corresponding  regulators  such  as  OmpR  with  the 
conserved  N-terminal  receiver  domain  are 
shown , 

The  BvgA  protein  of  Bordetella  shows  strong  homologies  with 
the  "receiver"  domain  of  the  regulator  proteins  and  it  is 
therefore  probably  a  DNA  binding  activator  protein,  which 
interacts  with  various  promoters  of  the  Bordetella  virulence 
factors.  The  BvgC  protein  shows  the  typical  overall 
structure  of  a  sensor  protein  with  a  periplasmic  domain  and 
a  cytoplasmic  part  with  a  strong  homology  to  the  transmitter 
domain.  However  the  BvgC  protein  is  unique  in  the  fact  that 
it  contains  also  a  perfect  homology  to  the  receiver  domain 
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fused  directly  to  the  C-terminus  of  the  transmitter  domain 
(Fig. 3  and  Fig.  4).  A  second  peculiarity  of  the  vir/bvg 
system  is  the  presence  of  a  third  essential  component,  the 
periplasmic  BvgB  protein.  BvgB  shows  a  strong  aminoacid 
homology  with  the  periplasmic  portion  of  the  BvgC  protein, 
which  suggests  an  interaction  of  the  two  proteins  in  sensing 
the  environment  (Fig.  4).  A  model  for  the  action  of  the 
Bordetella  vir/bvg  system  deduced  from  the  analysis  of  the 
sequencing  data  is  proposed  (Fig.  4): 

The  periplasmic  domain  of  the  sensor  protein  BvgC,  together 
with  the  BvgB  protein,  senses  the  environment  and  transduces 
signals  to  its  cytoplasmic  transmitter  domain,  perhaps  via 
conformational  changes  or  by  changing  the  equilibriuum 
between  a  monomeric  and  an  oligomeric  form.  The  transmitter 
domain  transmits  the  signal  by  phosphorylation  of  the 
receiver  module  of  the  regulator  protein  BvgA,  which 
stimulates  transcription  in  the  activated  form.  The  role  of 
the  additional  receiver  domain  of  the  sensor  protein  BvgC  is 
not  clear,  but  it  could  be  that  BvgC  is  also  a  DNA  binding 
protein  or  that  the  activity  of  the  BvgC  sensory  protein  is 
modulated  at  this  receiver  module  by  other  unidentified 
factors . 


Fig.  4;  Model  of  the  Bordetella  vir/bvg 
system.  Abbreviations;  C,  cytoplasm;  CM, 
cytoplasmic  membrane;  P,  periplasm;  R, 
receiver  module;  S,  sensor  domain;  T, 
transmitter  module;  A,  DNA  binding  domain 
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ABSTRACT 

The  presence  of  the  aerolysin  gene  in  242  Aeromonas  strains 
comprising  all  known  species,  was  probed  using  five  non¬ 
overlapping  probes  derived  from  a  ekb  DMA  fragment  haboring 
the  aerolysin  gene  and  adjacent  regions  from  an  Aeromonas 
sobria  strain  AB3.  Sequence  homologous  to  the  aerolysin 
gene  were  present  in  all  species  of  Aeromonas  tested 
regardless  of  the  source  of  isolation.  Only  three  strains 
were  found  to  hybridize  to  a  DNA  probe  haboring  the 
aerolysin  promotor  and  its  regulatory  sequences;  however, 
DNA  probes  flanking  this  region  showed  homology  with  almost 
all  strains  tested.  To  facilitate  studies  on  the  regulation 
of  expression  of  the  aerolysin  gene  in  A.  sobria  AB3  we 
constructed  isogenic  strains  of  the  parental  strain  was 
replaced  by  an  aerolysin-alkaline  phosphatase  mutant  allele 
by  marker  -exchange  mutagenesis.  Production  of  aerolysin 
was  sensitive  to  levels  of  iron  in  the  medium,  varying  salt 
concentrations  and  repressed  by  glucose  in  the  growth 
medium.  Additionally,  aerolysin  production  was  found  to  be 
growth  phase  regulated.  Furthermore  using  purified 
aerolysin  and  planar  lipid  membranes  we  showed  that 
aerolysin  is  capable  of  pore  formation  in  artificial  lipid 
bilayers.  Single-channel  conductance  revealed  a  pore  size 
of  at  least  2nm  diameter.  The  pore  had  a  lifetime  of 
several  minutes  and  zero-current  membrane  potential 
experiments  revealed  that  the  aerolysin  channel  is  anion 
selective . 
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Aerolysin,  a  potentially  important  virulence  factor  of 
Aeromonas  spp.  is  a  single  polypeptide  with  a  molecular 
weight  of  54000,  and  is  secreted  as  a  proenzyme.  Upon 
proteolytic  processing  of  the  protoxin  at  its  carboxy- 
terminal  end  (5)  it  becomes  an  active  toxin.  The  biological 
properties  of  this  toxin  include  lethality  of  mice, 
enterotoxicity  in  rabbit  ileal  segments  (1),  release  of 
inflammatory  mediators  from  granulocytes  and  mast  cells 
(13)  at  sublethal  concentrations  and  cytotoxcity  to  a  large 
variety  of  cell  lines  in  vitro.  All  these  events  may  be 
attributed  to  the  insertion  of  the  aerolysin  molecule  into 
the  membrane  of  the  target  cell.  Using  marker-exchange 
mutagenesis  it  was  demonstrated  that  aerolysin  is  an 
important  virulence  factor  required  for  both  the 
establishment  and  subsequent  maintenance  of  Aeromonas- 
associated  systemic  infections  (4) . 

We  recently  reported  the  cloning  of  the  aerolysin  gene  from 
a  clinical  isolate  of  A.  sobria  and  its  entire  nucleotide 
sequence.  In  these  studies,  it  was  shown  that  two  regions 
upstream  (aerC)  and  downstream  (aerB)  affect  aerolysin 
production  (3,7).  The  aerC  region  was  shown  to  contain  two 
divergent  non-overlapping  promotors  and  elements  required 
for  the  regulation  of  the  aerolysin  production.  The 
nucleotide  sequence  of  aerolysin  from  a  A.  hydrophila 
strain  has  also  been  reported  (6) . 

While  there  is  a  good  deal  of  information  regarding  the 
biochemistry  and  properties  of  aerolysin,  much  less  is 
known  about  the  genetics  of  aerolysin  regulatory  and 
structural  genes.  Individual  strains  vary  widely  in  their 
ability  to  produce  the  toxin  in  vitro  and  little  is  known 
of  the  environmental  conditions  and  factors  that  influence 
the  amount  of  toxin  produced.  Aerolysin  production  could  be 
regulated  by  repression  as  has  been  proposed  for  iron- 
mediated  regulation  of  diphtheria  toxin  (8)  and  Shiga-like 
toxin  (2) ,  or  a  positive  regulatory  mechanism  such  as  been 
recently  described  for  cholera  toxin  (11).  It  has  also  been 
suggested  that  large  differences  in  the  absolute  amounts  of 
aerolysin  produced  in  vitro  by  different  strains  could  be  a 
result  of  duplication  of  the  gene  in  some  strains.  This 
mechanism  has  recently  been  shown  to  occur  in  some  strains 
of  Vibrio  cholerae  encoding  enterotoxin  (10).  With  the 
availability  of  cloned  aerolysin  and  infoirmation  of  its 
nucleotide  sequence  it  is  now  possible  to  address  specific 
questions  regarding  the  presence  of  this  gene  in  Aeromonas 
spp.  isolated  from  a  wide  geographical  distribution. 

In  order  to  select  DNA  probes  for  the  detection  of 
aerolys in-homologous  sequences  we  first  compared  the 
nucleotide  sequences  of  the  cloned  A.  sobria  and  A. 
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hydrophlla  aerolysin  genes  (Fig.l).  The  region  encoding  the 
aerolysin  structural  gene  shows  an  overall  homology  of  77% 
at  both  nucleotide  and  amino  acid  level.  This  analysis  also 
revealed  a  higher  level  of  homology  at  the  C-terminal  end 
of  the  molecule  compared  to  its  N-terminus  (81%  vs  73%) 
between  the  two  sequences.  The  region  3*  to  the  aerolysin 
gene  showed  an  even  higher  homology  at  83%.  In  contrast, 
sequences  upstream  of  the  structural  gene  showed  an  abrupt 
change  in  the  level  of  homology  between  both  genes.  The 
corresponding  aerC  regions  showed  only  46%  homology  and 
furthar  upstream  it  was  only  a  little  higher  at  63%.  This 
suggested  that  aerolysin  may  represent  a  relatively 
homologous  family  of  cytolytic  toxins  in  Aeromonas. 

Because  of  the  great  differences  in  regional  homologies 
along  the  length  of  the  aerolysin  gone  between  the  two 
published  sequences,  we  used  several  representative 
fragments  as  DNA  probes.  These  are  depicted  in  Fig. 2.  A 
total  of  242  strains  comprising  of  both  clinical  and 
environmental  isolates  of  all  known  species  from  different 
geographical  regions  were  tested  using  colony  blot 
hybridization.  A  summary  of  the  results  obtained  with  all 
DNA  probes  is  shown  in  Fig. 2.  They  show  that  sequences 
homologous  to  the  aerolysin  gene  and  its  flanking  regions 
are  present  in  all  Aeromonas  spp.  regardless  of  their 
source  of  isolation.  While  probes  denoted  4  and  5 
hybridized  readily  to  whole  cell  DNA  from  all  isolates 
under  stringent  conditions,  hybridization  signals  with 
probes  1  and  3  were  detected  only  when  the  blots  were 
washed  at  a  lower  stringency.  All  three  strains  reacting 
with  probe  Z  did  so  at  conditions  of  nigh  stringency.  The 
gene  was  present  in  all  three  species  A.  hydrophila,  A. 
sobria  and  A.  caviae.  This  result  was  unexpected  for  A. 
cavlae  strains,  since  this  species  are  considered  to  be 
non-pathogenic  for  humans.  Nevertheless,  of  the  43  strains 
that  failed  to  hybridize  to  the  aerolysin  probe,  35  were  of 
the  species  A.  caviae,  7  were  A.  sobria  strains,  and  one 
strain  belonging  to  the  species  A.  hydrophila.  The 
identification  of  the  three  raesophilic,  motile  Aeromonas 
species  is  complex.  Each  of  the  three  species  contain 
different  hybridization  groups  that  are  biochemically 
indistinguishable  from  each  other  (12).  Also,  three 
additional  species,  A.  media,  A.  veronii  and  A.  schubertii 
have  also  recently  been  proposed.  Hence  it  is  possible  that 
the  non-hybridizing  strains  are  true  A.  caviae  strains  and 
those  strains  haboring  aerolysin-homologous  sequences 
belong  to  species  other  than  A.  caviae  and  may  have  to  be 
reclassified. 

Environmental  isolates  of  all  three  species  also  habored 
sequences  related  to  the  aerolysin  gene  suggesting  that 
human  infections  with  Aeromonas  may  be  environmentally 
acquired.  The  DNA  hybridization  data  obtained  with  probe  2 
show  that  there  is  considerable  heterogeneity  in  sequences 
encoding  aerolysin,  since  many  strains  were  only  detected 
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FIGURE  1.  Homology  levels  bettf^een  two  sequenced  aerotysin  genes  at  the 
nucleotide  level. 

rt«Cil«TAOt  o*  tnWMft 

%  * 


FIGURE  2.  Cumulative  results  of  DNA  hybridization  data  obtained  with  24 
(Aeromonas  strains  from  diverse  geographical  locations  using  probes  derived  from 
the  aerolysin  region  of  A.  sobria  AB3. 
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when  hybridizing  under  conditions  of  lower  stringency  than 
that  used  with  the  other  probes  used.  While,  hoaology  to 
the  aerC  probe  was  rare,  it  was  observed  under  conditions 
of  high  stringency.  Taken  together,  these  results  suggest 
that  the  aerolysln  gene(aerA)  and  its  regulatory  region 
(aerC)  are  under  different  evolutionary  pressures  and  seen 
to  vary  independently  of  each  other.  One  implication  of  the 
results  is  that  the  aerolysin  gene  may  be  differently 
regulated  in  individual  strains  of  any  one  species. 

He  next  examined  the  regulation  of  the  aerolysin  gene  in  A. 
sobria  strain  AB3.  Aerolysin  is  exported  as  an  inactive 
protoxln  that  must  be  proteolytically  cleaved  to  give 
active  toxin.  Assaying  the  hemolytic  activity  especially  at 
early  phases  of  bacterial  growth  does  not  accurately 
reflect  expression  of  the  gene  because  extracellular 
proteases  that  cleave  the  protoxin  are  only  produced  at 
later  stages  of  growth.  In  order  to  facilitate  our  studies 
on  the  regulation  of  gene  expression  we  constructed  a 
mutant  strain,  designated  AB3-*34,  where  the  resident 
aerolysin  gene  was  replaced  by  an  aerolysin-alkallne 
phosphatase  mutant  allele.  The  mutated  aerolysin  allele 
consisted  of  46  amino  acids  from  the  N-terminal  and  of 
aerolysin  fused  to  a  signal>peptide  truncated  alkaline 
phosphatase  gene  of  Escherichia  coli  (9)  .  This  fusion  is 
secreted  as  efficiently  as  aerolysin  (B.  Huhle  and  T.C., 
manuscript  in  preparation) .  Since  C-terminal  processing  of 
the  fusion  protein  is  not  required  for  the  expression  of 
alkaline  phosphatase  activity  in  the  mutated  strain  AB3-34, 
this  activity  provided  a  sensitive  assay  for  monitoring 
expression  of  the  aerolysin  gene. 

When  the  strain  AB3'*34  was  grown  in  LB  mediun  with 
increasing  amounts  of  the  metal  chelator  3 ' , 2 'dipyridyl  3 
fold  higher  alkaline  phosphatase  activity  was  obtained  as 
compared  to  those  cultures  grown  in  LB  alone.  To  further 
investigate  the  role  of  iron  in  the  regulation  of  aerolysin 
expression  we  studied  its  effects  on  cultures  growing  in  a 
defined  low-iron  media.  When  strains  were  grown  in  MOPS 
minimal  media  containing  glucose,  only  low  levels  of 
alkaline  phosphatase  activity  was  detected.  Addition  of 
increasing  amounts  of  iron  to  the  media  showed  little 
effect  on  this  already  low  level  of  alkaline  phosphatase 
activity.  However,  when  strains  were  grown  in  minimal  media 
supplemented  with  glycerol,  alkaline  phosphatase  activities 
were  10  fold  higher  than  those  obtained  in  glucose 
supplemented  media.  This  occurred  despite  a  three  fold 
longer  generation  time  for  colls  grown  in  the  poors  media. 
The  alkaline  phosphatase  activity  in  glycerol  growing  cells 
was  extremely  sensitive  to  added  iron.  It  decreased  with 
increasing  iron  concentrations,  and  was  almost  entirely 
aholished  when  lOOuM  iron  was  present  in  the  media.  These 
experiments  revealed  that  aerolysin  expression  in  strain 
AB3  is  subject  to  glucose  inhibition. 

Aeromonas  spp.  are  natural  inhabitants  of  fresh  water 
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environments  and  it  was  therefore  of  interest  to  study  the 
effects  on  the  expression  of  the  fusion  protein  in  AB3-34 
under  conditions  that  may  exist  in  such  environments.  No 
differences  in  expression  was  observed  when  strains  were 
grotm  in  complex  media  with  different  starting  pH  values. 
Mien  AB3-34  was  grown  in  complex  media  containing  different 
salt  concentrations  ,  expression  of  the  aerolysin-alkaline 
phosphatase  fusion  was  found  to  increase  with  increasing 
salt  concentrations  of  the  growth  media.  The  activity  was 
optimal  at  about  170mM  NaCl,  and  was  more  than  three  fold 
higher  compared  to  strains  grown  in  media  containing  no 
NaCl.  The  effect  was  specific  with  respect  to  the  salinity 
of  the  media  and  was  not  observed  when  other  osmoactlve 
substances  such  as  non-metabolizable  sugars  were  used. 
There  was  no  effect  on  the  expression  of  the  gene  fusion 
when  bacteria  were  grown  at  different  growth  temperatures 
between  20  and  40^C. 

The  results  presented  here  show  that  the  aerolysin  gene  is 
subject  to  regulation  by  certain  .lutritional  and  physical 
conditions  that  may  prevail  in  the  diverse  ecological 
niches  where  Aeromonaa  bacteria  are  found.  The  optimal 
salinity  for  aerolysin  production  in  A.  sobria  AB3  is  also 
the  optimal  concetration  at  which  it  grows.  Significantly, 
this  optimum  is  close  to  the  concentration  of  serum  which 
is  about  ISOmM.  This  result  coupled  with  the  observation 
that  iron-deprivation  induces  aerolysin  production  suggests 
that  it  is  in  this  host  compartment  where  aerolysin  is  most 
effectively  expressed. 

Many  of  the  biological  properties  of  aerolysin  can  be 
attributed  to  the  insertion  of  the  aerolysin  molecule  into 
the  membrane  of  the  target  cell.  To  study  the  nature  of  the 
transmembrane  pores  generated,  we  purified  aerolysin  and 
analyzed  the  pores  formed  in  planar  lipid  bilayers.  When 
purified  aerolysin  ( lO-lOOng/ml)  was  applied  to  voltage 
clamped  lipid  bllayersconsisti.ig  of  a  1%  solution  of 
phytoanoylphosphatidylcholine  in  n-decane,  current  steps  of 
homogenous  size  were  observed  after  a  few  minutes 
indicating  the  formation  of  ion  channels  in  the  membrane. 
The  time  course  of  increase  of  the  increase  was  gradur . 
suggesting  thaat  pores  of  homogenous  sizes  were  formed. 
The  conductivity  measurements  led  to  an  estimate  of 
effective  pore  diameter  of  at  least  2nm.  The  channel  formed 
was  stable  and  zero-current  membrane-potential  experiments 
revealed  that  the  aerolysin  channel  is  anion  selective. 
Since  aerolysin  is  capable  of  insertion  into  bilayers  of 
pure  phosphatidylcholine,  it  would  appear  that  surface 
receptors  on  the  eucaryotic  cell  are  not  essential  for  its 
action.  Aerolysin  can  generate  stable  transmembrane  pores 
that  could  allow  flux  of  ions  and  small  molecules  across  a 
bilayer  membrane.  As  a  result  of  the  lesions,  cytolysis  of 
cells  that  are  devoid  of  membrane  turnover  and  repair  such 
as  erythrocytes  will  occur.  Nucleated  cells  are  in  general 
capable  of  repair  of  a  limited  number  of  lesions,  but 
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transiently  formed  ion  fluxes  may  nevertheless  trigger 
secondary  responses,  such  as  the  release  of  influmatory 
mediators  from  target  cells,  which  are  of 
pathophysiological  relevance  in  the  infected  host. 
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SUMMARY 

The  mechanism  of  triple-lysogenic  conversion  of  Staphylococcus  aureus  p-foxin,  enterotoxin  A 
and  fibrinolysin  by  a  newly  found  group  of  serotype  F  bacteriophages  was  determined,  and 
compared  with  the  mechanism  of  p-toxin  and  fibrinolysin  double-conversion  caused  by  the 
serotype  F  phage,  <()13.  In  the  case  of  the  former,  the  Determinants  encoding  enterotoxin  A 
(entA)  and  fibrinolysin  l  sak)were  linked  in  the  phage  DNA  near  the  attachment  sitefaff  P)  The 
sak  determinant  of  (>13  was  also  located  near  att  P .  For  both  types  of  phage  p-toxin  conversion 
was  due  to  the  orientation-specific  integration  of  phage  DNA  into  the  p-toxin  genetc  determinant. 

KEYWORDS:  Staphylococcus  aureus.  Lysogenic  conversion  Enterotoxin  A. 

Beta-toxin.  Fibrinolysin.  Serotype  F  bacteriophage. 


INTRODUCTION 

Only  a  minority  of  human  S. aureus  isolates  produce  p-toxin,  whereas  the 
majority  produce  fibrinolysin  (7,12).  The  p-toxin-negative  (HIb'),  fibrinolysin- 
positive  (Sak'*’)  phenotype  in  the  majority  of  cases  is  directly  associated  with  the 
carriage  of  lysogenic  converting  phages  (13).  The  most  frequently  encountered 
of  these  phages  are  serotype  F  double-converting  phages,  which  mediate  the 
concomitant  loss  of  expression  of  p-toxin  (negative-conversion)  and  acquisition 
of  the  capacity  to  express  fibrinolysin  (positive-conversion)  (7,13).  Some 
serotyoe  B  phages  mediate  positive-conversion  for  fibrinolysin  expression  only 
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(7),  whereas  other  serotype  A  phages  mediate  negative-conversion  for  (J-toxin 
expression  only  (3).  Converting  phages  which  mediate  positive-conversion  for 
enterotoxin  A  expression  have  also  been  described  (1 ,2).  However,  these 
reports  did  not  describe  which  serotype  these  phages  belonged  to  and  whether 
they  affected  expression  of  other  S.aureus  characteristics. 

Positive-conversion  for  fibrinolysin  and  enterotoxin  A  expression,  respectively, 
has  been  shown  to  be  due  to  the  location  of  the  respective  genetic  determinants 
in  the  DNA  of  converting  phages,  which  are  expressed  by  lysogenic  S.aureus 
derivatives  (1 ,7).  This  has  been  established  only  fo.  a  single  phage  in  respect  of 
fibrinolysin  .  Previous  studies  from  my  laboratory  demonstrated  that  negative- 
conversion  of  p-toxin  expression  mediated  by  <j)13,  the  serotype  F,  double¬ 
converting  (P-toxin  and  fibrinolysin)  phage,  and  by  (|)42E,  the  serntype  A,  single¬ 
converting  (P-toxin)  phage  ,  was  caused  by  insertional  inactivation  of  the 
chromosomally  located  p-toxin  determinant.  Phage  genomic  DNA  was 
insertionally  integrated  during  lysogen  formation  (3).  Gasman  (2)  reported  the 
isolation  of  a  carried  phage  from  S.aureus  strain  PS42-D,  which  mediated 
positive-conversion  for  enterotoxin  A  expression.  However,  Kondo  &  Fujise  (7) 
reported  that  PS42-D  carried  a  serotype  F  double-converting  (P-toxin  and 
fibrinolysin)  phage.  The  possibility  that  these  carried  phages  of  strain  PS42-D 
are  the  same  or  similar,  and  thus,  are  in  fact  triple-converting  was  recently 
investigated  in  this  laboratory  (4).  These  studies  demonstrated  that  strain  PS42- 
D  indeed  harboured  a  serotype  F  carried  phage  mediating  the  coincident  triple- 
lysogenic  conversion  of  p-toxin  (negative-conversion),  fibrinolysin  (positive- 
conversion)  and  enterotoxin  A  (positive-conversion).  Studies  also  revealed  that 
serotype  F  triple-converting  phages,  mediating  conversion  of  the  same  three 
properties,  were  prevalent  in  methicillin-resistant  S.aureus  (MRSA)  isolates 
recovered  from  cases  of  nosocomial  infection  in  Irish  hospitals  between  1971- 
1988  (4,5). 

The  present  study  was  undertaken  to  determine  and  compare  the  molecular 
mechanisms  of  double-  and  triple-conversion  mediated  by  serotype  F 
bacteriophages. 


MATERIALS  AND  METHODS 

The  bacterial  strains  and  phages  used  are  shown  in  Table  1. 

DNA  techniques:  Purification  of  chromosomal,  plasmid  and  bacteriophage  DNA 
and  transformation  of  protoplasts  of  S.aureus  strain  RN4220  was  performed  as 
described  by  Coleman  et  al.  (3).  Molecular  cloning,  restriction  mapping, 
transformation  of  Escherichia  coli,  agarose  gel  electrophoresis  and  hybridization 
analysis  were  carried  out  as  described  by  Maniatis  et  al.  (11).  Enterotoxin  A.  B- 
toxin  and  fibrinolysin  assays:  These  were  performed  for  S.aureus  isolates  and 
E.coli  derivatives  harbouring  recombinant  plasmids  as  described  (3,4).  Clinical 
and  carriage  S.aureus  isolates:  212  clinical  S.aureus  isolates,  including  102 
MRSA  isolates,  which  were  recovered  from  cases  of  infection  in  Irish  hospitals 
between  1971-1988  and  108  isolates  from  the  anterior  nares  of  separate. 
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healthy  individuals  were  screened  for  production  of  p-toxin,  enterotoxin  A  and 
fibrinolysin. 

Western  immunoblottinp:  Polypeptides  were  separated  by  sodium  dodecyl 
sulphate-polyacrylamide  gel  electrophoresis  (SDS-PAGE)  in  12.5%  (w/v)  gels 
and  were  electrophoretically  transferred  onto  nitrocellulose  filters,  which  were 
processed  as  described  (3,4).  Production  of  enierotoxin  A  by  E.coli  strain  DS410 
harbouring  recombinant  plasmids  was  detected  by  colony  immunoblotting  as 
described  (4). 

Clo.sing  vectors:  Plasmids  pBR322  and  pAT153  (11)  were  used  in  molecular 
cloning  experiments.  The  shuttle  plasmid  pDC020  (3)  which  can  replicate  in 
E.coli  and  S.aureus  was  used  as  a  vector  to  transfer  cloned  phage  ONA 
fragments  into  S.aureus. 


RESULTS  AND  DISCUSSION 

The  vast  majority  of  the  hospital  and  nasal  carriage  strains  produced 
fibrinolysin  (Sak+)  and  were  p-toxin  deficient  (Hlb‘),  in  agreement  with  previous 
reports  (7,12).  The  HIb',  Sak+  phenotype  exhibited  by  10  representative 
carriage  and  10  non-methicillin-resistant  hospital  isolates  was  found  to  be  due 
to  the  carriage  of  serotype  F  double-converting  phages.  Recent  studies  from  this 
laboratory  demonstrated  that  the  HIb’,  Sak+'  enterotoxin  A-positive  (Ent  A+) 
phenotype  exhibited  by  representative  methicillin-resistant  isolates  (MRSA)  was 
due  to  the  carriage  of  serotype  F  triple-converting  phages  (4). 


StrairVphage  Phenotype/genotype  Comments  Source/reference 


80CR3 

Hb+EnfA-Sak- 

Restriction  impaired  strain 

(4) 

13CR3-L 

Hb-  EntA'Sak^ 

80CR3  lysogenized  with  013 

This  study 

42CR3-L 

HIb-  Ent  A-*-  Sak-^ 

80CR3  lysogenized  with  042 

(4) 

A1CR3-L 

Hlb'EntA+Sak-*- 

80CR3  lysogenized  with  0A1 

(4) 

A3Cr3-L 

HIb-  Ent  A-*-  Sak+ 

80CR3  lysogenized  with  0A3 

(4) 

013 

saH* 

Serotype  F  double-  converting  phage 

(3,4) 

042 

sak*,  entA'*’ 

Serotype  F  triple-converting  phage 

(4) 

041 

sak+,  entA'*' 

Serotype  F  triple-converting  phage 

(4) 

043 

sate*",  ent  A* 

Serotype  F  triple-converting  phage 

(4) 

Table  1.  S.aureus  strains  and  phages. 


The. studies  confirmed  that  serotype  F  converting  phages  were  prevalent 
among  human  S.aureus  isolates  and  that  the  caoacity  of  these  organisms  to 
express  or  not  to  express  p-toxin,  fibrinolysin  and  enterotoxin  A,  respectively, 
was  directly  associated  with  the  carriage  of  lysogenic  prophages. 
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Molecular  analysis  of  positive-conversion  for  fibrinoiysin  and 
enterotoxin  A  expression:  A  detailed  description  of  these  experiments  has 
been  described  recently  (4).  In  separate  experiments,  H/ndiii-generated 
fragments  of  genomic  DNA  of  phages  4»13,  <|)42,  (j>A1  and  <t)A3  (Table  1)  were 
cloned  in  Escherichia  coll  strain  DS410  (Table  1).  Recombinants  expressing 
fibrinoiysin  activity  were  detected  on  fibrin  agar  plates.  Analysis  of  the  cloned 
DNA  harboured  by  representative  Sak+  recombinants  revealed  that  each 
contained  a  single  Hindiii  fragment  which  corresponded  to  a  Hindm- 
generated  fragment  of  the  respective  parental  phage  genomic  DMAs. 

E.coli  DS410  recombinants  harbouring  cloned  Hindiii  fragments  of  phages 
<t)42,  ({lAI  and  <))A3  were  screened  for  enterotoxin  A  production  by  colony 
immunoblotting  with  specific  anti-enterotoxin  A  serum.  Putative  Ent  A+ 
recombinants  were  tested  for  enterotoxin  A  production  by  Western 
immunoblotting  of  polypeptides  from  50-fold  concentrated  cell  lysates,  following 
SDS-PAGE  gel  electrophoresis.  In  each  case,  a  single  polypeptide  of  27  kDa 
was  detected,  which  corresponded  in  molecular  mass  to  purified  staphylococcal 
enterotoxin  A.  Analysis  of  the  cloned  DNA  of  representative  Ent  A+ 
recombinants  revealed  that  each  harboured  a  single  Hindiu  fragment  of  2.5  kb 
which  corresponded  in  size  to  a  single  H/ndiii  fragment  of  the  respective  native 
phage  DNAs. 

n-102 


Hospital  Nasal  Methicillin-Resistant 

Isolates  Isolates  Isolates 


Figure  1.  Production  of  p-toxin,  fibrinoiysin  and  enterotoxin  A  by  S.  aureus  isolates. 


No  detectable  homology  was  observed  when  H/ndlll-cleaved  ()>13  DNA 
(double-converting)  was  probed  with  the  2.5  kb  Hindiu  fragment  containing  the 
cloned  enterotoxin  A  detem  inant  {ent  A  )  from  4)42,  indicating  that  4)13  did  not 
encode  an  ent  A  determinant.  Expression  of  the  cloned  fibrinoiysin 
determinants  {sak )  of  4)13, 4)42, 4)A1  and  4)A3  and  the  cloned  ent  A 
determinants  of  phages  4)42, 4)A1  and  4)A3  was  readily  detected  in  S. aureus 
following  transformation  of  protoplasts  of  S.aureus  strain  RN4220  (4)  with 
derivatives  of  shuttle  vectc.  pDC020  containing  the  cloned  sak  -  and  ent  A  - 
containing  Hindiii  fragments,  respectively. 
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These  findings  indicated  that  the  mechanism  of  positive-conversion  for 
fibrinolysin  and  enterotoxin  A  expression,  respectively,  mediated  by  the  double- 
and  triple-converting  phages  was  due  to  the  presence  of  the  sak  and  ent  A  (in 
the  case  of  ({>42,  <|)A1  and  <j)A3)  determinants  in  the  genomic  DNA  of  the 
respective  phages. 

Mechanism  of  negative-conversion  of  p-toxin  mediated  by  triple¬ 
converting  phages:  This  was  determined  by  comparing  the  structure  of  the  p- 
toxin  determinant  (h/b )  of  S. aureus  strain  80CR3  with  lysogenic  derivatives.  A 
detailed  description  of  these  studies  has  been  reported  recently  (4).  The  hib 
determinant  of  80CR3  is  located  on  a  2.2  kb  H/ndiii  fragment  and  is 
homologous  with,  and  has  an  identical  structure  to  the  hIb  determinant  cloned 
in  plasmid  pDC007  (Fig.  2),  which  was  used  as  the  source  of  a  hib  probe  (3).  A 
single  fragment  of  2.2  kb  hybridized  in  H/ndiii-cleaved  80CR3  genomic  DNA 
but  this  was  replaced  by  two  junction  fragments  in  the  DNA  of  the  lysogens 
42CR3-L,  A1CR3-L  and  A3CR3-L  (Table  1 ;  Fig.  3,  panel  A).  Similar  results  were 
obtained  with  /-//ndiii-cleaved  DNA  of  lysogen  13CR3-L  (Table  1;  Fig.  3,  panel 
A).  The  smaller  junction  fragment  was  identical  in  size  (1.7  kb)  for  all  of  the 
lysogens  whereas  the  larger  junctions  varied  in  size  for  three  of  the  four 
lysogens  (Fig.  3,  panel  A).  These  experiments  were  repeated  with  three 
independently  generated  lysogens  for  each  phage  and  identical  results  were 
obtained  in  each  case.To  confirm  these  findings,  the  attachment  site-(aff  P  ) 
containing  Hindill  fragments  of  <1)13  ^42,  <{)A1  and  ({>A3  were  cloned  and  used  to 
probe  W/ndlll-cleaved  DNA  of  the  corresponding  80CR3  lysogens.  In  each 
case,  two  junction  fragments  identical  in  size  to  those  detected  with  the  hib 
probe  were  detected  for  each  lysogen  (Fig.  3,  panels  B  &  C). 

Hind  HI  Bel  l  Dde  i  Dde  i  Hind  HI 


Figure  2.  Restriction  map  of  the  2.2  kb  H/rxjlll  fragment  of  plasmid  pDC007  (3)  which 
encodes  a  cloned  S.aureus  p-toxin  determinant  {hib),  and  which  was  used  as  a  hib  probe.The 
unshaded  portion  of  the  figure  refers  to  a  0.15  kb  sequence  to  which  the  insertion  site  of  phages 
<|)42,  (t)A1,  (^A3  and  4)13  was  localized  in  the  corresponding  genomic  DNA  of  S.aureus  strain 
80CR3. 


These  results  demonstrated  that  the  mechanism  of  p-toxin  conversion 
mediated  by  the  triple-converting  phages  and  <{>13  was  due  to  insertional 
inactivation  of  the  hib  determinant  following  lysogenization. 

Recent  studies  have  shown  that  the  genomes  of  phages  <|>42,  ((>A1 ,  (j)A3  and  ({>13 
consist  of  linear  molecules  with  cohesive  termini  which  can  anneal  to  form 
circular  molecules  (4).  Because  the  sizes  of  the  small  junction  fragments 
detected  in  the  DNA  of  the  lysogens  were  identical  and  consistent,  it  is  likely 
that  these  phages  integratecj  at  the  same  or  closely  linked  sites  in  the  bacterial 
chromosome  in  one  orientation  only.  Similar  findings  have  been  described  for 
the  S.aureus  phages  L54a  and  ({>1 1  (9,10). 
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Organization  of  sak,  ent  A  &  att  P  sequences  in  phage  genomic 
DNA:  A  restriction  map  of  the  triple-converting  phage  <^42  is  shown  in  Fig.  4. 
The  position  of  the  entA-,  sak  -  and  a/fP -containing  regions  were  established 
by  cloning  and  subcloning  experiments  and  by  hybridization  analysis  as 
described  in  detail  elsewhere  (4).  The  entA  and  sak  determinants  were  found 
to  be  closely  linked  in  the  phage  genomic  ONA  adjacent  to  the  phage 
attachment  site,  att  P.  Similar  findings  were  obtained  for  the  triple-converting 
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Figure  3.  Hybridization  analysis  of  reslricfion-enzyme  H/ndlll-digesfed  chromosomal  DNA  of 
S.aureus  strain  80CR3  and  lysogenized  derivatives.  The  source  of  DNA  in  each  track  with  phages 
harboured  by  individual  strains  shown  in  parenthesis  is  as  follows;  panel  A  track  1 ,  tSCRS-L 
((>13):  track  2,  A1CR3-L  (((lAI):  track  3.  A3CR3-L  (<i>A3):  track  4,  42CR3-L  ((H2);  track  5, 80CR3 
(phage-free):  panel  B  track  l,  42CR3-L  (i>42):  track  2,  80CR3  (phage-free):  panel  C  track  1, 
80CR3  (phage-free) :  track  2,13CR3-L  ((>13) .  DNA  in  the  panels  was  hybridized  with  the  following 
probes:  panel  A.  2.2  kb  hlb-Hindlll  fragment  of  plasmid  pDC007  (Fig.  2);  panel  B,  5.0  kb  att  P- 
Hind  in  fragment  of  (>42  (4):  panel  C,  2.9  kb  att  P-H/ndlll  fragment  of  (>13  (4). 


P  M  M  SB  PS  M 


*  entA  sak  attP 


Figure  4.  (A)  Restriction  map  of  linear  (>42  genome,  which  is  represented  as  a  rectangular 
box.  (B)  Restriction  map  of  a  17.4  kb  DNA  region  from  within  the  i>42  genome,  which  is 
represented  by  the  large  rectangular  box..  The  DNA  sequences  to  which  the  entA  (vertical 
shading)  and  sak  (cross-hatched  shading)  determinants  were  localized  are  shown.  The  small 
unshaded  area  represents  a  0.15  kb  DNA  sequence  to  which  att  Pwas  localised.  Abbreviations:  P, 
Psf  I:  M,  Mlu  I:  S,  Sail,  B,  Bgll;  E.  EcoRI;  H,  H/ndlll; 

C,  C/a  I.*  The  juxtaposition  of  the  two  small  H/ndlll  fragments  was  not  determined. 
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phages  ({>A1  and  <J>A3  (Fig  5).  In  the  case  of  the  double-converting  phage  <!)1 3,  the 
sak  determinant  was  also  encoded  in  close  proximity  to  attP  (Figure  5). 

These  findings  suggested  that  both  the  triple-  and  double-converting  phages 
may  have  acquired  their  enM  and  sak  determinants,  respectively,  by  imprecise 
excision  events  between  chromosomally  located  salt  and  ant  A  determinants 
and  closely  integrated  prophages.  Similar  mechanisms  have  been  suggested  to 

explain  the  findings  that  corynephage  P  and  Streptococcus  pyogenes  phage 
T12  encode  the  genes  for  diphtheria  toxin  and  erythrogenic  toxin  near  to  their 
respective  att  P  sites  (6,8). 
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Figure  5.  ECORI  and  H/ndlll  restriction  maps  of  the  entA-,  sak-,  and  aff  P -encoding  DNA 
sequences  of  the  triple-converting  phages  (>42,  <>A1  and  (|>A3  and  the  sak  -  and  att  P  -encoding 
DNA  sequences  of  the  double-converting  phage,  (>13.  The  2.5  kb  HirtilU  fragments  to  which  the 
enf  A  determinants  were  localized  and  the  2.2  kb  EcoR!-H/ndIlI  fragments  to  which  the  sak 
determinants  were  localized  are  shown.  For  each  phage  att  P  was  localized  to  a  0.15  kb  sequence 
of  DNA. 


The  phenomenon  of  triple-conversion  and  the  associated  concomitant  control 
of  expression  of  three  S. aureus  virulence  determinants  raises  the  possibility  of 
the  introduction  of  new  virulence  factor  combinations  into  clinically  significant 
S. aureus  isolates  by  phage  conversion.  This  may  contribute  significantly  to  the 
generation  of  more  virulent  derivatives.  In  this  light,  the  prevalence  of  these 
phages  in  methicillin-resistant  S. aureus  (MRSA)  isolates  may  be  particularly 
significant,  due  to  their  importance  as  nosocomial  pathogens,  world-wide. 
Indeed,  recent  studies  on  septicaemic  isolates  from  this  laboratory  revealed 
that  enterotoxin-producing  MRSA  were  significantly  associated  with  patient 
mortality  (5). 
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ABSTRACT 


The  gene  coding  for  listeriolysin  O,  hlyA,  was  shown  to  be  the  target  of  a 
Iransposon  which  inhibited  the  hemolytic  phenotype  and  the  virulence  of  Listeria 
monocytogenes.  Transcriptional  mapping  and  DNA  sequence  analysis  of  the  region 
containing  hlyA  revealed  that  hlyA  is  a  monocistronic  unit  ard  that  the  transposon 
inserted  in  the  structural  gene  unlikely  exerted  a  polar  effect  on  adjacent  genes.  In 
addition,  when  a  transposon-induced,  non  hemolytic  and  avirulent  mutant  of  Listeria 
monocytogenes  was  transformed  with  a  plasmid  carrying  the  wild  type  gene,  it 
recovered  both  the  wild  type  hemolytic  phenotype  and  the  virulence.  These  data 
demonstrate  that  listeriolysin  O  is  essenti'’  for  the  virulence  of  Listeria 
monocytogenes. 


INTRODUCTION. 


Listeria  monocytogenes  is  a  facultative  intracellular  bacterium  responsible  for  severe 
infections  in  human  and  animals  (16,  17).  Its  virulence  is  generally  attributed  to  its 
capacity  to  survive  and  replicate  inside  macrophages  ( 1 1).  Although  the  macrophage 
is  the  main  cell  involved  in  the  in  vivo  multiplication  of  Listeria,  a  number  of  other 
cell  types  such  as  fibroblasts  and  epithelial  cells  have  been  successfully  infected  in 
vitro  (3,  6,  10,  14)  and  it  was  demonstrated  in  the  case  of  the  human  entcrocyte  like 
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Caco2  cells  that  after  phagocytosis,  bacteria  leave  the  phagosome  and  multiply 
within  the  cytosolic  compartment  of  these  host  cells.  Therefore,  identification  of  the 
factors  which  allow  bacteria  to  invade  cells,  to  escape  from  the  phagosome 
COTipartment  or  to  multiply  intracellularly  is  therefore  essential  to  understand  the 
virulence  of  the  organism. 

The  observation  that  all  strains  of  L.  monocytogenes  isolated  from  natural  infections 
produce  a  zone  of  hemolysis  on  blood  agar  medium  and  are  virulent  in  the  mouse 
model,  whereas  non  hemolytic  strains  isolated  after  mutiple  subcultures  (7)  or  from 
the  environment  are  avirulent,  first  suggested  that  a  hemolysin  might  be  a  relevant 
factor  (IS).  The  henrwlytic  factor,  listeriolysin  O  has  been  purified  (5)  and  shown  to 
belong  to  the  family  of  thiol  activated  toxins.  Interestingly,  among  these  cytolysins, 
listeriolysin  O  is  the  only  one  to  be  produced  by  an  intracellular  bacterium  and  to  be 
active  at  acid  pH.  Recently,  genetic  and  physiopathological  studies  using  avirulent 
mutants  obtained  by  transposon  mutagenesis  (4, 8, 14)  gave  strong  support  to  the 
hypothesis  that  secretion  of  a  hemolytic  exotoxin  is  a  crucial  event  promoting 
intracellular  growth  of  L.  monocytogenes  in  host  tissues  (3,  10,  14).  This 
conclusion  was  based  on  the  finding  that  non  hemolytic  mutants  were  avirulent  in 
the  mouse,  whereas  virulence  was  restored  in  hemolytic  revertant  strains  obtained 
by  spontaneous  loss  of  transposons.  Moreover,  non  hemolytic  mutants  invade 
different  cell  lines,  as  efficiently  as  the  wild  type  (3, 10, 14)  but  in  most  ca.ses,  do 
not  survive  or  replicate  intracellularly.  Since  only  hemolytic  bacteria  escape  from  the 
phagosome  compartment  into  the  cytosol  of  Caco2  cells,  it  was  proposed  that 
listeriolysin  O  mediates  virulence  by  damaging  the  phagosome  membr^e  (3). 

Localization  of  transposon  insertions  within  hlyA,the  gene  coding  for  listeriolysin  o 
in  several  non-hemolytic,  avirulent  muunts  (12,  1,8)  strongly  suggested  that  this 
region  of  the  chromosome  is  crucial  for  virulence.  However ,  these  data  did  not  rule 
out  the  possibility  that  disruption  of  hlyA  exerted  a  polar  effect  on  genes  adjacent  to 
hlyA  that  could  be  involved  in  the  expiression  of  other  virulence  factors  required  for 
entry  in  the  host  and  intracellular  survival  and  multiplication.  We  report  here  two 
types  of  approaches  which  show  that  listeriolysin  O  is  essential  for  virulence. 


RESULTS 


Transcriptional  mapping,  RNA  sizing  and  DNA  sequence  analysis 
reveal  that  hlyA  is  a  monocistronic  unit. 

We  previously  reported  the  DNA  sequence  of  hlyA  (13).  The  gene  had  first  been 
identified  after  cloning  the  region  proximal  to  Tnl545  from  a  non-hemolytic  mutant 
(12,  1).  This  transposon  had  inserted  in  an  open  reading  frame  (ORF)  whose 
deduced  sequence  was  highly  homologous  to  streptolysin  O  (SLO)  and 
pneumolysin  (PLY)  (9).  This  cloned  fragment  was  then  us^  to  localize  on  a  cosmid 
(21)  the  listeriolysin  O  gene,  then  called  hlyA  (12).  The  deduced  sequence  of  the 
protein  confirmed  that  listeriolysin  O  belongs  to  the  class  of  thiol  activated 
cytolysins  (18).  The  sequence  of  a  founh  SH-activated  hemolysin,  perfringolysin 
(PLO)  has  recently  been  reported  (20).  It  is  also  very  similar  to  SLO,  PLY  aid  LLO 
and  contains  the  conserved  undecapepdde  E-C-T-G-L-A-W-E-W-W-R  (Figure  1). 
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Fig.  1.  Schematic  representation  of  the  four  known  thiol-acdvated  hemolysins. 


A.S  spontaneous  deletions  had  occurred  on  the  original  cosmid,  a  3454bp  Bamlil 
fragment  containing  hlyA  was  recloned  in  pUC18,  giving  rise  to  pLis3.  Using  as  a 
probe  an  oligonucleotide  internal  to  the  hlyA  gene,  a  1886bp  EcoRI  fragment 
containing  part  of  hlyA  and  its  upstream  region  was  then  cloned,  giving  rise  to 
plasmid  pLis8.  Insens  of  pLis3  and  pLis8  span  4223bp  of  the  hlyA  region.  Tlic 
DNA  sequence  of  this  region  was  determined  and  revealod  the  presence  of  two  open 
reading  frames  adjacent  to  hlyA,  one  ORF  D  is  located  331  bp  downstream  from 
hlyA  8^  the  other  ORF  U  is  located  224bp  upstream  from  and  in  opposite  direction 
to  hlyA.  Promoter  mapping  performed  with  RNAs  extracted  from  cells  growing 
exponentially  in  rich  medium,  showed  that  the  three  ORFs  are  transcribed 
independently.  hlyA  appears  transcribed  from  two  promoten  separated  by  ten 
basepairs  and  located  in  the  intergenic  hlyA-ORF  U  region.  ORF  U  is  transcribed  in 
the  opposite  direction  from  an  s^jacent  promoter.  Finally,  ORF  D  is  transcribed 
from  a  promoter  located  downstream  from  hlyA  (Figure2). 


I  bk 


Fig.  2.  Transcriptional  map  of  the  hlyA  region. 
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Northern  Wot  analysis  indicated  that  hlyA  transcripts  were  of  a  size  expected  if  they 
started  at  the  identified  promoter  region  and  if  they  ended  at  the  terminator  like 
structure  identified  SO  basepair  downstream  from  hIyA.These  data  strongly  suggest 
diat  hlyA  is  a  monocistronic  unit  and  that  the  transposon  insertions  in  hlyA  unlikely 
exen  a  polar  effect  on  adjacent  genes  expression. 


Direct  evidence  for  the  role  of  listeriolysin  O  by  gene 
complementation. 

In  order  to  evaluate  the  role  of  listeriolysin  in  virulence,  we  also  performed  a  gene 
complementation  experiment.  For  this  purpose,  from  an  easily  transformable 
virulent  strain  of  L.  monocytogenes,  a  new  non  hemolytic  mutant  was  constructed 
by  means  of  transposon  Tn917.  This  strain,  as  other  non  hemolytic  mutants 
previously  isolated  (4,  8,  14),  was  avirulent  in  the  mouse.  The  single  copy  of 
Tn917  was  inserted  after  codon  503.  This  strain  L028  (hlyA::Tn917)  as  well  as  its 
parental  strain,  L028,  was  then  transformed  with  a  shuttle  plasmid,  pLis4 
contaiiung  only  the  listeriolysin  O  gene  or  vnth  the  vector,  L  e.  pMK4  (19).  Results 
are  summarised  in  Table  L 


TABLE 1 

Htmolysin  Production  and  Virulence  in  the  Mouse. 


STOAIN 

HEMOLYTIC  TTTER 

L028 

900HU/hil 

3.2 

10 

L028(pMK4) 

lOOOHU/ml 

10*’ 

ljQ28(pLis4) 

900HU/knl 

10** 

imihlyA  :.-Tn9/7) 

<10HU/hU 

lo” 

L028  {MyA  :.Tn  917,  pMK4) 

<I0HU/ml 

lo’’ 

imihlyA  ::Tn9/7.pUi4) 

1200HU/inl 

10** 

Strain  L028  (hlyA;:Tn917,  pLis4)  displayed  a  stable  hemolytic  phenotype  identical 
to  the  wild  type:  its  maximal  hemolytic  titer  in  the  culture  supernatant  did  not 
significantly  differ  from  that  of  strains  L028,  L028  (pMK4)  or  L028  (pLis4)  taken 
as  controls.  The  result  obtained  in  the  last  case  as  well  as  in  the  case  of  the  mutant 
complemented  with  pLis4  was  somewhat  intriguing  since  presence  of  a  multicopy 
plasmid  carrying  the  hemolysin  gene  does  not  increase  the  hemolytic  titer.  It  seems, 
at  least  in  rhe  case  of  strain  L028,  that  a  maximum  level  of  hemolytic  activity  is 
reached  regardless  of  the  number  of  copies  of  the  hlyA  gene,  implying  that 
hemolysin  prrxiuction  must  be  precisely  regulated.  It  is  indeed  already  known  that 
there  is  an  inv<  -se  correlation  between  iron  concentration  and  hemolysin  production 
(2).  Other  facte  are  probably  also  involved. 
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Assays  for  virulence  were  performed  by  i.v,  infection  of  Swiss  mice.The 
hypo^esis  that  the  presence  of  a  plasmid  in  strain  L028  might  affect  virulence,  was 
first  investigated  by  analyzing  the  virulence  of  strain  L028  harboring  pMK4  or 
pLis4.  Inde^,  introduction  of  either  one  of  the  two  plasmids  in  L028  significantly 
reduced  the  level  of  virulence:  the  LD50  values  dropped  by  more  thant  1.0  log  unit, 
in  both  L028  (pMK4)  and  L028  (pLis4),  with  a  parallel  reduction  of  their 
replicating  capacity  in  the  spleen  and  liver  of  infected  mice.  It  appears  that  presence 
of  a  plasmid  impairs  bacterial  multiplication.  It  is  likely  that  under  the  stress 
conditions  encountered  in  hos.  issues,  bacterial  survival  and  replication  involve 
activation  and  repression  of  several  genes,  a  mechanism  which  is  apparently  affected 
by  the  presence  of  a  ph  id.  As  in  the  case  of  other  mutants  alre^y  described  (4, 
8,  14),  the  non  hemolytic  -nutant  L028  (hlyA::Tn917)  and  its  transfonnant 
derivative  L028  (hlyA::'in917,  pMK4)  were  avirulent  in  the  mouse.  Even  at  high 
infecting  doses  (108  per  mouse),  bacteria  were  rapidly  eliminated  from  the  spleens 
and  the  livers  within  48  h.  In  contrast,  the  capacity  to  grow  in  these  host  tissues  was 
restored  in  the  complemented  strain  L028  (hlyA::Tn917,  pLis4).  Virulence 
estimated  by  LDso  values  was  expressed  at  the  same  level  as  that  of  the  control 
strains  L028  (pMK4)  and  L028  (pLis4).  At  high  infecting  doses  strain  L028 
(hlyA;:Tn917,  pLis4)  induced  visible  abscesses  in  liver  and  spleen  and  ultimately 
killed  mice.  On  the  basis  of  the  antibiotics  resistance  pattern  and  analysis  of  the 
DNA,  it  was  verified  that  the  plasmids  were  stably  maintained  in  vitro  and  in  vivo. 

In  conclusion,  our  results  show  that  expression  of  the  hemolysin  gene  was 
necessary  and  sufficient  to  restore  virulence  in  a  non  hemolytic  mutant.  One  can 
conclude  that  the  transposon  in  the  Tn9i7  insertion  non  hemolytic  mutant  did  not 
exert  any  polar  effect  on  adjacent  genes  and  that  hlyA  was  the  only  gene  affected  by 
the  insertion.  It  is  also  probably  the  case  for  other  non  hemolytic  mutants  previously 
isolated  (4,  8, 14). 


CONCLUSIONS 

The  implication  of  this  genetic  study  is  that  the  hemolysin  gene  product  is  absolutely 
required  for  the  virulence  of  L.  monocytogenes.  This  supports  the  hypothesis  that 
production  of  a  cytolysin  inside  the  phagolysosomal  compartment,  would  allow 
bacteria  to  escape  this  hostile  intracellular  environment  to  freely  multiply  in  the 
cytosol  (3).  Listeriolysin  O  now  appears  as  the  first  key  factor  for  intracellular 
growth  identified  at  the  molecular  level,  in  L.  monocytogenes.  Detection  of 
sequences  homologous  to  the  hlyA  region  in  virulent  and  avirulent  species  of  the 
genus  Listeria  and  presence  of  unusual  structural  features  in  the  promoter  regions 
of  hlyA,  ORF  U  and  ORF  D  (our  unpublished  results)  are  zn  indication  that  the  in 
vivo  expression  of  hlyA  in  Listeria  monocytogenes  must  be  precisely  regulated. 
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Ih  S.  aureus,  a  system  termed  the  ^cessory  Gene  Regidator  (flCR),  acts  In  trans  to 
coordLnately  ccntrol  transcription  of  a  variety  of  mlinked  virulence  genes  (1,2). 

Althou^  the  mechanism  is  not  un<lerstood,  it  is  known  that  at  the  end  of  exponential  phase 
In  batch  cultures  fCR  represses  expression  of  certain  secreted  proteins  (e.g.  Protein  A) 
and  acts  as  a  positive  regulator  to  turn  on  expression  of  others  (e.g.  alpha-toxin).  Here 
we  sumnarise  preliminary  studies  aimed  at  identifying  the  target  for  ACS  regulation  on  an 
alpha-toxin  gene  (hla),  cloned  in  the  E.  coll  -  S.  aureus  shuttle  plasmid  pDiri212  (Fig.  1). 

RESULTS  AND  DISdBSION 

Expression  of  the  cloned  hla  gene  in  pDU1212  has  previcusly  been  shewn  to  be  ui'ter  A® 
control  in  S.  aureus  (3.^)'  This  plasmid  includes  ca.  1.8  kb  of  S.  aureus  DMA  5'  to  the 
hla  gene  (Fig.  1).  The  sequence  of  the  hla  gene  and  330  bp  of  the  adjacent  region, 
extending  to  the  5'  Cla  I  site  in  Fig.  1,  have  been  described  previously  (5).  The 
sequence  of  the  remalnirg  1.4  kb  region  between  the  Hind  III  and  Qa  I  sites  was  determined 
in  this  stafy.  To  locate  the  sequences  required  for  hia  expression,  pDU1212  was  linearised 
by  cleavage  at  a  inique  Lsp  I  site  and  a  rested  set  of  Bal  31  'leletion  mutants  were 
constructed,  introduced  into  S.  aureus  and  tested  for  their  abilities  to  express  the  alpha- 
haemolysln  (Fig.  1).  These  mutants  showed  that  most  of  the  5*  sequences  between  the  Hind 
in  and  Cla  I  sites  cculd  be  deleted  without  reducing  hla  expression.  The  endpoint  of 
deletion  34,  vrfiich  was  located  precisely  ty  sequencing,  defined  a  89  tp  region  imneJiately 
proximal  to  the  Cla  T  site  that  is  required  for  hla  expression  in  S.  aureus  (Fig.  1). 
Deletions  extending  to  or  beyond  the  Cla  I  site  are  Hla  .  This  is  corsistent  with  Northern 
Blots  which  shewed  that  probes  3'  to  the  Cla  T  site  reaiily  hybridize  to  Hla  mRNA,  whereas 
probes  ftxm  the  5'  side  of  the  Cla  I  site  did  not.  These  experiments  suggested  that  tte 
transcriptlcnal  start  for  the  Hla  message  is  located  very  close  to  the  Cla  I  site,  approx. 
330  bp  5'  to  the  hla  gene. 

To  locate  the  start  of  the  hla  transcript  more  precisely,  reverse  transcriptase  and  a 
primer  corresponding  to  sequences  ca.  50  bp  dewnstream  of  the  Cla  I  site  were  vised  in 
primer  extension  maRjing  with  RNA  Isolated  from  late  exponential  phase  cvHUxes  of  Agr 
S.  aureuis  expressing  the  hla  gene.  The  extended  primers  were  size!  by  cerparison  with  a 
sequencing  reaction  employing  the  same  primer.  The  highest  land  obtained  coirespontis  to 
a  G,  located  3  bp  5'  to  the  Cla  I  site  (Fig.  1)  and  is  ccxislstent  with  preliminary  S]i 
mapping  experiments.  This  places  the  ACR  regvlLated  alpha-toxin  promoter  within  86  bp  of 
the  env^lnt  of  deletion  34.  Fterhape  surprisingly  for  a  regulated  pranoter,  the  putative 
transcriptional  start  aligns  with  reasonable  ccnsensi.B  -10  and  -35  sequences,  bit  there  is 
no  evidence  that  these  are  Involved  in  A®  controlled  expression.  A  detailel  analysis  of 
this  region  is  in  progress,  in  orJer  to  identify  the  sequences  requireil  for  A®  control. 
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Fig.  1  :  Preliminary  mapping  of  Alpha- tc/in  pranoter. 

The  v:pper  line  repreoents  the  clcne'l  S.  av:reus  sequences  in  pDU1212  and  the  hla  gene  Is 
depicted  ty  the  black  box.  Selected  Bal  31  deletion  mutants  are  ^depicted  ty  the  lower 
lines.  Clesv'age  sites  for  restriction  endcnucleases  are:  H  Hind  III;  L  Lap  I;  C  Cla  I 
and  E  EcoR  I.  The  5'  Cla  I  site  referred  to  in  the  text  is  marked  vdth  a  *.  The  arrow 
indicates  th  putative  transcriptional  start  for  the  Hly  message . 
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INTRODUCTION 

Pneumoiysin,  a  "thiol-activated”  cytolytic  protein,  is  produced  by 
virtually  all  strains  of  Streptococcus  pneumoniae.  The  experiments  des¬ 
cribed  below  were  intended  to  yield  hyper-producers  of  this  toxin  and 
to  investigate  possible  mechanisms  of  regulation  of  pneumoiysin  produc¬ 
tion. 


METHODS 

Growth  of  Bacteria 

Pneumococci  were  grown  in  peptone-yeast  extract-glucose  media 
supplemented,  when  necessary,  with  10  ug/ml  erythromycin.  Crude 
extracts  were  prepared  by  sonication. 

Isolation  of  Pneumolysin-negative  Strains 

Nltrosoguanidlne  mutagenesis  was  used  to  produce  pneumolysin-negative 
mutants,  which  were  scored  on  Brucella-horse  blood  agar  plates 
containing  0.015  U/ml  of  penicillin  and  Incubated  anaerobically  (1). 

Transformation  of  Pneumococci 

Cells  were  rendered  competent  by  the  method  of  Yother  et  al.  (2). 
Cloning  of  Pneumoiysin  Gene 

From  a  library  of  pneumococcal  chromosomal  DNA  in  EMBL  3 
bacteriophage,  phage  carrying  the  pneumoiysin  gene  was  detected  by 
overlaying  the  plaques  with  a  layer  of  sheep  blood  agar.  The  gene  was 
sub-cloned  in  several  steps,  using  the  low-copy  number  vector  pLG339  at 
an  intermediate  step  and  pUC  18  in  the  final  steps  {pMK2). 
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Construction  of  Recombinant  Shuttle  Vector 

Shuttle  plasmid  pVA838  was  digested  with  PvuII  and  blunt-end  ligated  to 
the  2  kb  fragment  bearing  the  pneumolysin  gene,  which  had  been  isolated 
from  the  recombinant  plasmid  pMK2  after  digestion  with  PvuII. 

Plasmid  Isolation 

Plasmids  were  Isolated  from  pneumococci  with  a  modification  of  the 
Birnboim-Doly  method  which  involved  lysing  the  cells  with  0.1  Z 
deoxycholate. 


RESULTS 

Construction  of  Deletions 

In  vitro  deletions  were  obtained  by  digestion  of  the  recombinant 
plasmid  bearing  the  pneumolysin  gene  with  Accl. 

The  ends  were  filled  using  Klenow  fragment,  blunt-end  ligated,  and  used 
to  transform  E.  coli  sJM83.  The  deleted  DNA  was  introduced  into 
pneumococcal  strain  R36A  (Hly"*")  and  WU2R  (Hly'*’)  by  transformation, 
followed  by  selection  of  Hly~  colonies. 

Introduction  of  Plasmid-borne  Pneumolysin  Gene  into  Pneumococci 
By  plasmid  transformation,  the  shuttle  vector  bearing  the  pneumolysin 
gene  was  introduced  into  wild-type  pneumococci  and  pneumolysin-negative 
mutants.  Transformants  were  selected  with  erythromycin  and  tested  foi 
hemolytic  activity  and  plasmid  content.  The  transformants  were  found  to 
contain  a  plasmid  of  the  expected  size  (11.2  kb).  In  the  case  of  Hly*^ 
strains,  presence  of  the  plasmid  did  not  increase  the  level  of 
hemolysin  production.  In  tie  case  of  Hly"  recipients,  hemolysin 
production  was  restored,  out  only  to  the  base  level.  Recombinant 
plasmids  were  reisolatef*  from  the  pneumococcal  transformants  and 
transformed  back  into  E  coli  to  confirm  that  they  functioned  normally. 


CONCLUSIONS 

The  level  of  pneumolysin  was  not  increased  over  the  wild-type  base 
level  upon  introduction  of  recombinant  shuttle  plasmid  bearing  the 
pneumolysin  gene  into  wild-type  and  pneumolysin-negative  strains.  These 
results  may  reflect  the  existence  of  a  negative  control  determinant  on 
the  chromosome,  which  encodes  a  factor  capable  of  operating  in  trans. 
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INTRODUCTION 

Li§£§£i§  !S2D2£XI2S§Q§§  ^  gram  positive  microorganism 
responsible  for  a  variety  of  diseases  of  medical  and 
veterinarian  importance.  After  several  recent  foodborne 
outbreaks.  Listeria  ID2nocytogenes  has  been  recognized  as  a 
possible  cause  of  diarrheal  illness.  A  recent  study  has 
demosntrated  DNA: DNA  homology  between  the  genes  encoding  for 
cholera  toxin  and  a  fragment  of  the  Listeria  monocytogenes 
chromosomal  DNA  (3). 

The  advanced  studies  concerning  the  structure.  mode  of 
action,  biosynthesis,  release,  and  pathogenic  power  of 
Listeria  cholera  toxin  (LCD  will  be  improved  by  the 
isolation  and  characterization  of  the  Listeria  genes 
containing  the  DNA  sequences  homologous  with  the  ctxAB  genes 
of  V  choierae. 


MATERIALS  AND  METHODS 

The  bacterial  strains  22ii  ^Gl  and  Listeria  monocytogenes 
L02a  were  previously  described  (1).  The  plasmid  pJM17  was 
obtained  from  Dr.  J.  Mekalanos  (2).  Restriction  enzymes  and 
T4  DNA  ligase  were  obtained  from  New  England  Biolabs. 
Restriction  digest  and  ligation  procedures  were  performed 
according  to  the  manufacturers  recomemmendations .  T7 
sequencing  kit  was  obtained  from  Pharmacia.  DNA  techniques 
and  Southern  blot  hybridization  were  as  previously  described 
(1) . 
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RESULTS 

Southern  b.lot  analysis  of  Listeria  monocytogenes  L028.- 

fei§£§Ci§  0!2DOcytogenes  L028  is  a  strain  that  has  been 
previously  used  in  the  studies  on  the  genetics  of  Listeria 
hemolysin.  Plasmid  pJMl7,  composed  of  CT-coding  sequences 
tctxAB)  was  used  as  a  probe  on  dot  blots  of  purified  DNA 
from  L_^  !D2Q2£yS2§§D§§  L028  strain.  Before  electrophoresis, 

chromosomal  DNA  was  restricted  by  EcoRI  and  BamHI .  A  single 
chromosomal  DNA  fragment  hybridized  with  the  pJMi7  probe, 
which  suggest  that  the  L^  moQooytogenes  L028  strain  contains 
a  DNA  sequence  that  may  encode  a  CT-related  toxin. 


Cloning  of  the  CT-related  genes. - 

Strain  L028  DNA.  digested  with  EcoRI  was 

mixed  with  a  preparation  of  pUClS  that  has  been  previously 
digested  with  EcoRI  and  treated  with  alkaline  phosphatase. 

The  mixture  was  treated  with  T4  ligase.  introduced  in  E^  coli 
TGI  by  transformation  and  plated  on  LB  plates  containing 
ampicillin  ilOO  ug/ml).  Ampicillin-resistant  colonies  were 
tested  in  colony  hybridization  for  the  presence  of  the  gene 
encoding  CT-related  cholera-toxin  by  using  as  a  probe  a  pJMi7 
fragment  iS.i  Kb  Pstl/EcoRl). 

The  recombinant  plasmid  DNA  present  in  the  cells  of  a  colony 
displaying  a  positive  hybridization  signal  was  isolated. 

Southern  blot  analysis  confirmed  that  this  plasmid,  pJC-l  \ 

contained  a  0.8  Kb  EcoRI  fragment  that  hybridized  with  the 
5.1  Kb  Pstl/EcoRI  probe.  This  probe  contain  both  toxin  A  and 
B  genes  {3) . 


SEQUENCE  HOMOLOGIES  BETWEEN  LISTERIA  TOXIN  AND  CT-A 

The  sequence  of  approximately  707.  of  the  cloned  fragment  has 
been  determined.  We  found  a  G+C/i  content  around  467,  in 
contrast  with  the  previously  known  G+C  7.  of  367. 
characteristic  of  the  !!!2D22yi2S§D®§  chromosome  (4). 

We  have  compared  the  primary  structure  of  ctxA  with  the 
parcial  sequence  of  LCT .  A  407.  homology  with  the  N-terminal 
part  of  CtxA  was  found.  The  percentage  of  amino  acid  homology 
between  both  sequences  at  the  NH  terminus  region  is  about 
397.. 
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DISCUSSION 

The  results  show  the  possibility  of  cloning  the  genetic 
determinant  of  the  LCT,  a  possible  factor  of  the 
pathogenicity  of  Listeria,  in  the  strain  E^.  coli  TGI.  The 
interest  of  our  work  lies  in  the  fact  that  it  offers  the 
possibility  of  reintroduction  of  the  LCT  genes  in  a  non-LCT 
Listeria  recipient  strain,  which  could  be  investigated  for 
cell  of  animal  models. 

We  will  try  to  further  localize  the  position  of  the  LCT-A 
gene  or  a  fragment  of  this  gene  on  the  cloned  Listeria 
i2D2£y52S§D§§  complete  sequencing  analysis.  With  the 

datas  we  have  now  there  is  a  chance  of  cloning  only  a  small 
piece  of  the  gene.  Due  to  this  we  are  now  trying  to  clone  a 
bigger  fragment  of  L^.  n!2Q22^52S§Q§§  DNA. 

The  discovery  of  this  homology  between  the  ctxA  region  of 
cholerae  and  a  fragment  of  the  Listeria  5!2D22i'£2S§D§§ 
chromosome  may  suggest  that:  a)  this  region  may  contribute  to 
the  pathogenicity  of  Listeria;  b)  an  exchange  of  toxin  genes 
has  occured  between  gram  negative  and  gram  positive 
organisms . 
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INTRODUCTICN 

Toxin  producing  Pasteureiia  multocida  is  the  causative  agent 
of  progressive  atrophic  rhinitis  in  pigs  (1).  Diseased  ani¬ 
mals  are  characterized  by  shortened  or  deformed  snouts.  This 
feature  is  due  to  an  Increased  nasal  bone  resorption  brought 
into  effect  by  the  P.  multocida  toxin  (PMT)  (1).  The  toxin 
triggers  proliferation  of  preosteoclasts  to  osteoclasts  (2). 
We  here  report  the  isolation  of  the  toxin  encoding  gene  as 
well  as  its  expression  and  regulation  in  E.  coll. 


MATERIALS  AND  METHODS 

Strains,  media,  growth  conditions,  and  general  procedures 
were  as  previously  described  (3).  Primer  extension  was  per¬ 
formed  using  the  first  step  in  Amersham's  (UK)  cDNA  synthesis 
kit,  and  Northern  blotting  was  done  according  to  Williams  and 
Mason  (4). 


RESULTS 

Two  toxin  producing  recombinant  E.  coli  clones  were  isolated 
from  a  chromosomal  DNA  library  of  a  toxigenic  type  D  strain 
of  P.  multocida. 

Extracts  of  the  recombinant  clones  were  examined  for  protein 
profiles  in  Western  blotting  and  for  biological  activity  in  a 
cytopathicity  test.  A  protein  of  143  kilo  dalton  specifical¬ 
ly  recognized  by  anti-PMT  MAbs  could  be  detected  in  both 
extracts  which  furthermore  exhibited  cytopathlc  activities 
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Identical  to  those  of  P.  multocida  extracts.  Affinity  puri¬ 
fied  recombinant  PMT  (rPMT)  and  native  PMT  behaved  identical¬ 
ly  in  a  series  of  quantitative  biological  tests  for  cytopa- 
thlclty,  dermonecrosis  and  lethality  as  well  as  in  a  quanti¬ 
tative  ELISA  based  on  combinations  of  10  MAbs  recognizing 
different  epitopes  on  PMT  (3). 

The  conservation  of  the  structure  of  the  cloned  DNA  region 
was  conflmed  by  Southern  blotting  using  P.  multocida  DNA  as 
a  control.  An  18  kb  ONA  probe  containing  the  toxin  encoding 
toxA  gene  hybridized  to  ONA  from  toxin  producing  isolates  of 
P.  multocida  but  not  to  ONA  from  non-producing  Isolates. 
DNA  from  P.  multocida  was  prepared  by  a  chromosomal  DNA 
preparation  technique,  and  by  a  plasmid  DNA  preparation  tech¬ 
nique.  No  enrichment  of  th*'  toxA  gene  could  be  detected  in 
the  last  sample,  which  suggests  a  chromosomal  location  of  the 
gene. 

Primer  extension  of  toxA  RNA  from  E.  coll  and  P.  multocida 
showed  that  the  native  toxin  promoter  is  functional  in  E. 
coll.  Transcription  from  this  promoter  in  E.  coll  was  re¬ 
pressed  by  a  P.  multocida  factor  effective  In  trans,  as 
shown  by  Northern  blotting.  The  effect  of  this  factor,  en¬ 
coded  close  to  toxA,  could  be  abolished  by  a  frame  shift 
mutation  within  its  putative  structural  gene. 


DISCUSSION 

We  have  isolated  the  toxin  encoding  gene  f  r.m  P,  multocida 
in  E,  coll  and  named  it  toxA.  The  recombinant  toxin  pro¬ 
duced  is  identical  to  native  PMT  and  is  expressed  due  to  P. 
multocida  regulatory  sequences.  We  have  Isolated  a  putative 
repressor  gene  close  to  toxA,  and  prtisented  data  tentatively 
suggesting  that  these  genes  could  be  located  o.i  a  mobile 
genetic  element  integrated  In  the  Pasteurella  chromosome. 


REFERENCES 

1.  Pedersen,  K.B.  and  Elling,  P.  (1984).  The  pathogenesis  of 
atrophic  rhinitis  Induced  by  toxigenic  Pasteurella  multo¬ 
cida.  J.  Comp.  Path.  94,  203-214. 

2.  Klmman,  T.G.,  Lowlk,  C.W.G.M.,  van  do  Wee-Pals,  J.A.  et 
al.  (1987).  Stimulation  of  bone  resorption  by  inflamed 
nasal  mucosa,  dermonecrotic  toxln-contalning  conditioned 
medium  from  Pasteurella  multocida,  and  purified  dermone¬ 
crotic  toxin  from  P.  multocida.  Infect.  Immun.  55,  2110- 
2116.  — 

3.  Petersen,  S.K.  and  Foged,  N.T.  Cloning  and  expression  of 
the  Pasteurella  multocida  toxin  gene  toxA  in  Eacherlchia 
coll.  Submitted  to  Infection  and  Immunity. 

4.  Williams,  J.G.  and  Mason,  P.J.  (1985),  Hybridisation  in 
the  analysis  of  RNA.  In;  Hames,  B.D.  and  Higgins,  S.J. 
(eds.).  Nucleic  acid  hybridisation,  a  practical  approach, 
139-160.  IRL  Press,  Oxford-Washington  DC. 


Rappuoti  et  al.  (Eds  ).  Bacterial  Protein  Toxins,  ZbI.  Bakt.  Suppl.  19 
C  Qustav  Fischer,  Stuttgart.  New  York.  1990 


369 


Genetic  Organization  of  the  Yersinia  yop  Reguion 

G.  Cornelis*,  C.  Lambert,  B.  Mulder,  C.  Sluiters,  P.  Wattiau  and  T.  Michiels 

*Unit9  de  Microbiologio,  UniversitB  de  Louvain,  UCL/5490  B-1200  Brussels,  Belgium 


INTFIODUCTION 

Growth  of  yersiniae  Is  restricted  at  37  C  in  the  aLsence  of  calciua  ions. 
This  phenoaenon  correlates  with  the  aassive  release  of  a  set  of  11 
proteins  called  Yops.  Several  of  the  Yops  have  been  shown  to  be  essential 
virulence  deterainants.  Growth  restriction  and  lops  production  are 
governed  by  a  70kb  plasaid  called  pYVe.  Five  yop  genes  were  napped  so  far 
on  pYVe227,  the  natural  plasaid  froa  a  typical  serotype  9 
Y.  enterocolitica  strain.  The  yop  genes  constitute  a  thermoactivated 
reguion  controlled  by  gene  virF.  The  transcription  activator  VirF  is  a 
30kDa  protein  related  to  the  regulators  of  the  arabinose  and  rhaanose 
operons  (1).  The  production  of  the  Yops  involves  otlier  vir  genes,  also 
localized  on  pYV.  So  far,  we  identified  virA.  virB  and  vir('.  The  loss  of 
any  of  these  genes  aboli.shes  the  Ca^*  dependency  phenoaenon  and  the 
production  of  the  Yops.  Kvact  role  of  the  Yops  lias  not  yet  been  defined. 
The  exact  role  of  Ca^'  ions  on  the  release  of  Yops  also  reaains  largely 
unknown. 


RESULTS 

1. MAPPING  OK  YOP  GENES  USING  Tn2507.  In  order  to  map  m.-re  ,vop 
genes,  we  coiistructed  Tn2.')07,  transposon  carrying  a  chloramphenicol 
acetyl-transferase  gene  (cat)  to  be  transcribed  from  extern.il  promoters 
(2).  Analysis  of  insertion  mutants  allowed  to  map  the  genes  yop20,  yopl8 
and  to  unravel  the  organization  of  an  operon  encoding  Yup44,  Yopll  and 
Vop37  (figure  1).  Any  insertion  in  this  operon  of  pYVe227  makes  the 
Y.  enterocolitica  host  strain  unable  to  grow  at  37  C,  even  in  the 
presence  of  Ca^*.  In  the  absence  of  Ca^*,  however,  these  mutants  release 
all  the  Yops  (apart  from  those  encoded  by  genes  downstream  from  the 
insertion).  The  distal  mutations  in  this  operon  make  the  host  strain  not 
only  unable  to  grow  at  37'C  but  even  sensitive  to  fa^*  .it  this  tem¬ 
perature.  Tliese  particular  phenotypes  remain  unaccounted  for  but  tlie' 
suggest  that  (i)  a  specific  factor  could  be  involved  in  the  restriction 
of  growth  and  (ii)  that  this  operon  is  somehow  involved  in  the  Ca^‘ 
response.  Hence,  we  called  it  the  car  operon  (for  Ca^*  regulation). 
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Figure  :  :  (sd  Drot!:tis  ina  ■»  of  orvi227.  uft  :  SOS-PASC  of  loos  oroduced  Oy  oivt  *  tno  *  virunts 
of  f.sfltsroooli’vica  ii227.  Siont  ;  no  of  oiVe22T.  dll  tne  fUjs  identify  insertion  lutints  obtained  •ttb 
TneiJ.  flini-ig  diac  or  Tn:507.  Black  triangles  insicate  that  tne  ooeron  fusion  led  to  exoression  of  tne 
orobe  gene  (lac  or  cat),  unite  triangles  indicate  lack  of  transcriotion.  tne  snaded  t’langiis  indicate 
ooor  transcriotion.  the  triangles  give  also  the  orientation  of  tne  inserted  orote  genes  uhile  tne  arroxs 
give  tne  orientation  of  oiv  genes,  loo*  encodes  PI.  reo  =  reolication  genes;  incO  ••  staoiiiatior.  -egicn 


2.  PROTEIN  VirF  BINDS  TO  Yop  PROMOTERS.  Gene  virF  was  cloned 
downstreaa  a  T7  proBoter  and  overproduced.  Gel  aobility  shift 
experiBents  showed  that  VirF  binds  to  DNA  fra^aents  containing  the 
proBoter  of  yop51.  DNasel  footprinting  showed  that  this  binding  occurs 
between  nucleotides  -64  to  -34. 


3.  GENE  VirF  IS  NOT  REQUIRED  FX)R  TRANSCRIPTION  OF  THE  OTHER  vir  GENES. 
We  cloned  the  central  part  of  virF  on  a  suicide  vector  derived  from 
pJM703  (2)  and  the  recoiubinant  plasaid  served  to  autate  virF  by 
hoBologous  recombination.  We  mutated  virF  on  pYVe  plasmids  carrying 
either  a  virA-lacZ  fusion  or  a  virB-lacZ  fusion  and  we  measured  the  (3- 
galactosidase  activity  at  28 'C  and  37  C.  This  activity  was  found  to  be  of 
the  same  order  in  the  virF+  and  virF-  isogenic  strains,  indicating  that 
transcription  of  virA  and  virB  is  not  regulated  by  virF.  Since 
transcription  of  these  genes  is  thermoregulated,  one  must  postulate  the 
existence  of  another  regulator  thermoregulator  of  pYV  genes. 
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INTRODUCTION 

Non-active  forms  of  Pseudomonas  exotoxin  (PE)  could  be  useful  for  vaccine 
development  or  as  a  toxoid.  Collier  and  colieagues(I)  have  shown  that 
deleting  the  glutamic  acid  at  position  553  of  PE  eliminates  the  toxin's 
ADP-rlbosylating  activity.  Plasmid  pVC45D,  which  encodes  PE  lacking 
glutamic  acid  at  position  553,  was  used  to  transform  E.coli  BL21(\DE3).  An 
OmpA  signal  sequence  was  included  prior  to  the  coding  sequence  for  the 
toxin  so  that  the  expressed  protein  is  directed  to  the  periplasm. 

To  obtain  large  amounts  of  non-active  PE  (PE553D)  using  this  recombinant 
strain,  a  production  process  was  developed  based  on  a  strategy  to  grow  the 
bacteria  to  high  density  and  induce  the  expression  of  the  cloned  gene 
during  the  logarithmic  growth  phase.  Since  the  induction  favors  the 
expression  of  the  cloned  gene  (the  toxin  production  can  be  as  much  as  20% 
of  the  final  protein),  the  process  was  expected  to  yield  large  amounts  of 
toxin  and  simplify  the  purification  and  recovery  procedures. 


materials  and  methods 

Fermentation;  E.  coli  cultures  were  grown  to  high  density  at  37”C  at  pH 
6.95  in  modified  LB  medium  containing  in  g/l:  tryptonc  (Difeo)  10,  yeast 
extract  (Dlfco)  5,  NaCl  5,  KaHPO^  2,  MgSO,«  0.45,  ampicilin  0.05, 
glucose  40  and  2  ml  trace  elements  solution.  Fermentations  were  performed 
according  to  Fass  et.  al.(2) 

E.  coli  BL21(\DE3)  transformed  by  the  plasmid  pVC45D  were  innoculatcd 
into  the  fermentor.  Induction  with  IPTG  (300  mg/I)  was  used  to  Initiate 
production  of  the  toxin  when  the  culture  reached  a  density  of  20  g  dry 
weight/1  (30  OD  600). 

Expression;  A  schematic  diagram  for  the  expression  of  PE553D  protein  in 
E.coli  BL21(\DE3)  is  shown  In  fig.l.  When  l^G  is  added  to  the  culture 
medium,  the  lac  promoter  is  derepressed,  the  T7  RNA  polymerase  is  trans¬ 
cribed  and  acts  on  the  T7  promoter  to  transcribe  PE553D.  The  OmpA  signal 
sequence  directs  the  produced  toxin  to  the  cell  periplasm. 
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Purification;  Cells  were  centrifuged,  suspended  in  20%  sucrose,  centrifug¬ 
ed  again  and  resuspended  in  chilled  water.  The  supernatant  containing  the 
periplasm  fraction  was  centrifuged,  membran  filtered,  dialyzed  against  20 
mM  Tris  pH  7.6  and  applied  to  silica-based  anion  exchange  (quaternary  met- 
hylamine.  Waters)  column.  The  PE553D  material  was  eluted  with 
discontinuous  NaCl  gradient  with  an  isocratic  step  at  170  mM  NaCl.  PE553D 
eluted  near  the  end  of  this  step. 


RESULTS 

The  fermentation  system  could  support  the  growth  of  the  recombinant 
E.coli  strain  at  a  constant  growth  rate  of  0.35  lur*  until  the  culture 
reached  a  density  of  110  OD600  (50  g  dry  weight/1).  However,  the  induction 
step  with  IPTG,  performed  at  a  cell  density  of  30  OD,  caused  a  substantial 
decrease  in  growth  rate  after  30  minutes.  The  culture  was  harvested  90 
minutes  after  the  induction.  .\t  that  time,  the  cell  concentration  achieved 
40  OD  and  the  growth  had  ceased  (fig.  2).  The  toxin  that  was  produced 
could  be  isolated  from  the  periplasm  in  high  yields.  The  1.8  1  periplasmic 
fraction  contained  3.6  g  of  total  protein.  From  that,  300  mg  of  material 
that  was  substantially  pure  was  obtained. 


Figure  1.  Expression  system  of 
the  PE5530  protein  in  E.  coll. 


Figure.  2.  High  density  growth 
of  E.coli  BL21(\DE3)  in  modified 
LB  medium  before  and  after  indue 
tlon  with  IPTG. 
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INTRODUCTION 

The  vir  locus  of  Bordetella  pertussis  regulates  the  expression  of 
multiple  virulence-associated  traits,  including  filamentous 
hemagglutinin  (FHA),  pertussis  toxin,  extracytoplasmic  adenylate 
cyclase/hemolysin,  a  69  Kd  outer  membrane  protein  (also  known  as 
pertactin  or  agglutinogen  3),  and  dermonecrotic  toxin. 

The  DNA  sequence  of  the  vir  locus  predicts  the  presence  of  three 
genes  (1).  To  test  this  hypothesis  genetically,  a  complementation 
analysis  of  the  vir  locus  was  undertaken. 


MATERIALS  AND  METHODS 

Nonpolar  linker  insertion  mutations  in  each  of  the  putative  vir 
genes  were  constructed  by  insertion  of  12  bp  synthetic 
oligonucleotides,  or  by  insertion  of  a  kanamycin  resistance  cassette 
at  Sail  sites,  and  subsequent  excision  using  Pstl  sites,  to  leave  a 
12  bp  insertion.  These  mutations  were  crossed  onto  the 
B.  pertussis  chromosome  using  a  derivative  of  pRTPl  (2).  Each 
mutation  gave  a  Vir*  phenotype  when  present  in  the  chromosome. 
Each  mutation  was  then  crossed  onto  a  vir  containing  plasmid  which 
can  be  maintained  extrachromosomally  in  B .  pertussis.  The  mutant 
alleles  were  tested  in  all  pairwise  combinations  for  their  ability  to 
complement  each  other  to  restore  a  Vir"*"  phenotype. 
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RESULTS  AND  DISCUSSION 

The  data  which  were  obtained  did  not  neatly  define  three 
complementation  groups.  Instead,  they  showed  that  some  of  the 
mutations,  when  present  on  the  plasmid,  had  a  negative  effect  on 
vir  activity  which  was  /ranj-dominant  over  wild-type.  This  was 
true  for  the  single  mutation  constructed  in  bvgB,  which  is 
postulated  to  code  for  a  periplasmic  protein  by  virtue  of  the 
presence  of  a  consensus  signal  peptide  at  its  amino  terminus.  The 
bvgC  gene  is  predicted  to  code  for  a  large,  transmembrane  protein 
which  interacts  with  the  bvgB  product  in  the  periplasm  and  relays 
extracytoplasmic  signals  to  the  bvgA  product  in  the  cytoplasm. 
Three  of  four  mutations  inserted  in  the  predicted  periplasmic 
domain  of  bvgC  also  had  a  dominant  Vir*  phenotype.  These  data 
provide  evidence  for  intermolecular  interactions  of  the  vir  encoded 
proteins.  In  addition,  two  mutations,  one  in  the  predicted 
periplasmic  domain  of  bvgC  and  one  in  its  predicted  cytoplasmic 
domain  were  able  to  complement  each  other  to  restore  vir  activity. 
This  intramolecular  complementation  is  again  indicative  of 
interactions  between  the  vir  encoded  proteins.  A  model  is  put 
forward  to  explain  these  experimental  results. 
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Filamentous  Hemagglutinin  (FHA)  is  one  of  the  virulence 
factors  produced  by  B. pertussis  when  infecting  a  host 
organism. 

There  is  evidence  that  it  is  responsible  for  the  adherence 
of  bacteria  to  ciliated  cells  in  the  human  respiratory 
tract . 

This  adhesin,  whose  mechanism  of  action  is  still  unknown, 
is  encoded  by  an  open  reading  frame  12  Kb  long,  and  the 
putative  360  Kda  precursor  seems  to  be  processed 
post-translationally  into  a  few  mature  polypeptide  chains 
which  are  probably  involved  in  the  expression/secretion  of 
the  functional  fragment  of  220  kda. 

The  expression  of  FHA  and  nearly  all  the  other  virulence 
factors  of  Bordetella  is  undez  the  control  of  a  central 
regulatory  locus,  Bvg,  which  activates/di sactivates  every 
virulence  related  gene  depending  upon  the  environmental 
conditions  (growth  temperature  and  presence  of  MgS04  or 
nicotinic  acid)  (phenotypic  modulation)  and/or  the 
integrity  of  the  locus  (phase  variation).  Bvg  is  a 
complex,  positive,  trans-acting  system,  whose  coding  region 
is  adjacent  to  FHA  gene. 

We  demonstrate  that  a  3  kb  fragment  at  the  5'  end  of  the 
FHA  locus  contains  the  region  directly  controlled  by  Bvg 
for  the  regulation  of  the  entire  gene. 

Furthermore,  that  the  FHA  gene  has  a  promoter  completely 
different  from  any  other  known  Bordetella  or  Escherichia 
promoter  sequences. 
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We  have  recently  constructed  a  Bvg-dependent  regulatory 
system  in  E.coli  using  a  transcriptional  genomic  fusion 
between  a  FHA  5'  fragment  (Eco-Bam  2.8  Kb  long)  and  lacZYA. 
Beta-galactosidase  activity  is  evident  in  the  presence  of 
Bvg  in  trans  on  multicopy  plasmids,  and  is  reduced  several 
hundred  fold  in  the  absence  of  Bvg.  Even  phenotypic 
modulation  by  Temperature,  MgS04  and  nicotinic  acid  iu 
observed  in  E.coli,  as  in  B. pertussis. 

This  suggests  that  the  expression  of  FHA  is  completely 
under  the  control  of  Bvg,  and  that  the  5'  end  of  the  FHA 
gene,  presumably  upstream  of  the  coding  region,  contains 
the  sequence  elements  responsible  for  this 
trans- regulation. 


Fig.  1.  fragment  of  FHA  cloned  into  E.coli 

By  using  the  SI  nuclease  digestion,  we  have  recently  mapped 
the  in  vivo  transcription  initiation  site  of  the  FHA  gene. 
Both  in  E.coli  containing  Bvg  +  FHA  and  B. pertussis,  the 
transcription  starts  at  position  177  from  a  well-localized 
EcoRI  site. 

DNA  sequence  upstream  of  the  transcription  startpoint  does 
not  share  homology  with  any  other  known  promoter  region  in 
B. pertussis . 

Details  of  the  promoter  structure  are  under  investigation. 


Ecofll  -240  -220  -200  -IBO 

/  . 

SAATTCCTGCGCTGGCACCCGCGGCGGGCCGGGGAGCGGGTTGTCGGCGCACGCCT*T*CGTGCCGG*C*GGGTTTG*TGGTTTGACTAA 


-150 


-130 


-no 


-90 


gaaatttcctacaagtcttgtataaatatccattgatggacgggatcattactgactgacgaagtgctgaggtttatccagactatggca 


transcription 

startpoint 


-60 


-40 


-20 


CTGGATTTCAAAACCTAAAACGAGCAGGCCGATAACGGATTCTGCCGATTACTTCACTTCGCTGGTCGGAAjATGtlACACGAACCT - 

1  "translational 


Initiation  site 
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Furthermore,  since  the  recombinant  plasmid  contains  the 
5'end  of  the  FHA  gene  and  the  entire  Bvg  locus,  it  has  been 
possible  to  evaluate  the  expression  of  FHA  in  the 
absence/presence  of  phenotypic  modulators  (  Temperature, 
MgS04  and  nicotinic  acid).  Both  in  E.coli  and  in 
B. pertussis,  RNA  was  normally  synthesized  in  the  absence, 
but  not  in  presence,  of  MgS04 . 


B. pertussis  E.coli 


no  HgS04  +  > 

RNA  synthesis 

MgS04 


Thus,  we  can  conclude  that  a)  the  promoter  of  FHA  is 
localized  75  nucleotides  upstream  of  the  translational 
start  codon  ATG,  and  b)  the  regulation  of  FHA  gene 
expression  occurs  at  the  level  of  transcription. 


The  results  of  the  FHA  promoter  are  in  contrast  with  those 
of  the  PTx  operon  in  E.Coli,  where,  in  presence  of  Bvg  in 
trans  on  multicopy  plasmids,  there  is  no  transcription  of 
the  operon  (in  the  clone,  the  non-coding  region  upstream  of 
the  transcriptional  start  site  was  500  bp  long).  (1) 

From  other  data  (2),  there  is  evidence  that  a  region 
located  170  bp  upstream  of  the  transcriptional  start  site 
is  required  for  trans-activation. 

However,  although  both  PTx  and  FHA  are  under  the  control  of 
Bvg,  it  is  clear  that  these  two  genes  have  different 
mechanism  of  regulation. 
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A  number  of  mutations  in  S.  typhimurium  are  known  to 
affect  virulence.  Recognizing  that  many  bacterial  virulence 
factors  are  coordinately  regulated  we  wished  to  identify  a 
regulatory  mutation  that  reduced  virulence.  We  found  that 
strains  with  mutations  in  the  positive  regulatory  locus  phoP 
are  markedly  attenuated  for  virulence  in  Balb/c  mice  and  are 
reduced  in  survival  in  cultured  bone  marrow  derived 
macrophages.  This  virulence  defect  is  greater  than  10,000 
fold  when  organisms  are  administered  by  intraperitoneal  or 
peroral  routes  despite  normal  growth  in  rich  and  minimal 
media.  Independently  similar  observations  have  been  reported 
by  Fields  et.  al.,  who  additionally  showed  that  phoP  mutants 
are  sensitive  to  exposure  to  the  rabbit  defensin  NP-1  (1) . 

The  phoP  is  one  of  two  loci,  (phoP  and  phoN)  ,  found  by 
Ames  and  colleagues  (2)  to  be  necessary  for  the  production  of 
a  periplasmic  acid  phosphatase.  Ames  postulated  that  phoP 
was  a  regulatory  locus  and  phoW  was  the  structural  gene.  We 
have  confirmed  these  predictions  by  DNA  cloning  and 
seguencing  of  these  loci.  The  DNA  in  the  phoP  locus  contains 
at  least  two  genes  that  we  term  phoP  and  phoO  located  in  an 
operon.  These  two  genes  encode  polypeptides  of  224  and. 487 
amino  acids  respectively.  The  predicted  PhoP  amino  acid 
sequence  has  marked  similarity  at  both  the  carboxyl  and  amino 
termini  to  other  bacterial  transcriptional  activators  such  as 
OmpR,  PhoB,  and  VirG  which  are  known  to  be  members  of  two- 
component  regulators. that  respond  to  environmental  signals. 
The  carboxyl-terminal  region  of  PhoP  is  also  similar  to  the 
amino-terminal  domain  of  ToxR  that  has  been  implicated  in 
transcriptional  activation  and  DNA-binding  activity  of  this 
Vibrio  cholerae  virulence  regulator.  Analogously  PhoQ  showed 
similarity  in  its  carboxyl-term;.nal  portion  to  proteins  such 
as  EnvZ  and  VirA  which  are  the  second  regulator  components. 
These  proteins  are  envelope  proteins  which  function  as 
protein  kinases  that  detect  environmental  signals  and  then 
phosphorylate  themselves  and  the  amino  terminal  domains  of 
their  paired  transcriptional  activators.  Consistent  with 


370  ■  S.l.  Miller  et  at. 


this,  the  sequence  of  PhoQ  predicts  two  hydrophobic 
transmembrane  segments,  and  we  have  isolated  several  TnpiioA 
fusions  to  the  intervening  periplasmic  domain  which  have 
alkaline  phosphatase  activity,  suggesting  that  this  domain 
has  a  transmembrane  topology  similar  to  other  sensor-kinases. 

The  contribution  of  the  acid  phosphatase  gene  (phsN)  to 
virulence  was  tested  by  construction  of  several  phoN  mutants. 
These  strains  have  no  virulence  defect,  indicating  that  the 
avirulence  of  phoP  mutants  is  likely  do  to  the  positive 
regulation  of  other  genes  essential  to  macrophage  survival 
and  virulence.  Consistent  with  this,  we  have  isolated  a 
number  of  strains  with  gene  fusions  to  E.  coli  beta- 
galactosidase  and  alkaline  phosphatase  that  require  an  intact 
phoP  locus  for  expression.  These  mutations  are  unlinked  on 
the  Salmonella  chromosome  indicating  that  this  system  is  a 
regulon.  Two  of  these  strains  with  mutations  in  genes  termed 
paaA  and  paaB  (phoP-activated  genes)  do  not  have  a  virulence 
defect.  Another  strain  with  a  TnohoA  insertion  in  a  gene 
termed  paaC  has  attenuated  virulence  in  BALB\c  mice,  as  well 
as  reduced  survival  in  cultured  macrophages.  Based  on  the 
properties  of  TnphoA  we  can  predict  that  this  strain  has  a 
mutation  in  an  envelope  protein. 

The  structures  of  the  predicted  PhoP  and  PhoQ  gene 
products  coupled  with  the  virulence  defects  of  phoP.  phoO. 
and  page  mutants  suggest  a  model  for  the  function  of  this 
regulon.  PhoQ  likely  functions  as  a  membrane  associated 
protein  kinase  that  phosphorylates  PhoP  in  response  to 
environmental  signals  in  the  intracellular  environment. 
Phosphorylated  PhoP  would  then  activate  paa  gene  promoters 
for  synthesis  of  proteins  necessary  for  survival  in  the 
hostile  environment  of  the  macrophage  phagolysosome.  The 
predicted  periplasmic  domain  of  PhoQ  would  contain  receptor 
function  for  signals  such  as  defensins,  cations,  and  low  pH. 
Interestingly  this  region  contains  a  remarkable  stretch  of 
negatively  charged  amino  acids  that  might  function  to 
recognize  these  signals.  We  have  noted  the  derepression  of 
paq  fusions  by  2-3  fold  in  media  of  low  pH  and  Ames  and 
colleagues  noted  an  increase  in  PhoN  expression  in  starvation 
media.  Hence  low  pH  and  starvation  are  conditions  that  might 
exist  within  the  macrophage  phagolysosome. 

Lastly  we  have  investigated  phoP  mutants  as  live  vaccines 
in  mice  and  find  that  they  afford  some  protection  to  wild 
type  challenge.  These  strains  when  administered  orally 
efficiently  colonize  the  gut  and  confer  substantial 
protective  immunity.  Further  analysis  of  this  virulence 
regulon  should  increase  our  knowledge  of  the  molecular  basis 
of  Salmonella  pathogenesis  and  could  lead  to  the  development 
of  safe  attenuated  Salmonella  strains  suitable  for  the 
delivery  of  heterologous  antigens  to  the  immune  system. 
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INTRODUCTION 

Shigella  dysenterlae  a*-  'alns  produce  a  cytotoxln,  SHT,  which 
la  almllar  In  Ita  biochemical  properties  to  the  shlga-llke 
toxin  (SLT)  produced  by  other  enteropathogenlc  bacteria  (1). 


MATERIALS  AND  METHODS 

All  methods  mentioned  have  been  described  In  ref.  2-3. 


RESULTS  AND  DISCUSSION 

Nucleotide  (nt)  sequences  were  determined  for  the  toxin  ope- 
ron  (sht)  present  In  the  chromosome  of  S. dysenterlae  and  for 
shlga-llke  toxin  operon  (sit)  found  in  the  phage  H30  genome. 
The  coding  sequences  of  sht  and  sit  genes  differ  In  four  nt*s 
with  one  nt  change  responsible  for  the  amino  add  replacement. 
SHT-speciflc  mRNAs  were  detected  by  blot-hybrldlsatlon  with 
a  sequence  specific  DNA  probes;  one  of  them  was  more  abun¬ 
dant  and  coded  only  the  B  subunit  of  SHT  while  the  other 
(bl-olstronlc  mRNA)  encoded  both  subxailts.  The  5*  ends  of 
sht  mRNAs,  whose  transcription  seems  to  be  determined  by  two 
different  promoters,  were  mapped  by  the  primer  extension 
method  with  the  synthetic  ollgodeoxynucleotldes  served  as 
specific  primers  (Flg.1).  The  start  points  of  two  bl-cls- 
tronlc  mRNA  are  located  before  the  AUG  codon  of  the  A  sub¬ 
unit  coding  sequence.  The  start  point  of  monoclstronlc  mRNA 
Is  localized  at  97  nt  upstream  from  the  AUG  codon  of  the  B 
subunit  coding  sequence.  The  existence  of  the  promoter  for 
monoclstronlc  mRNA  was  proved  by  Insertion  the  41 1  bp  Alu- 
fragment,  witch  contains  the  putative  promoter  (Pg)  and  the 
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sequence  for  seven  N-termlnal  amino  acids  of  the  B  subunit. 
Into  plasmid  YEp367  upstream  from  lacZ  gene  deprived  of  the 
promoter.  Such  plasmids,  when  transformed  Into  E.  coll  JM103 
and  grow  In  presence  of  X-gal, yielded  blue  colonies.  Control 
plasmids  (without  Insertion)  yielded  white  colonies. 

It  Is  noteworthy  that  the  same  DNA  fragment  of  S.'l/sente- 
rlae  accommodates  an  IS  element  near  the  sht  operon;  tula 
element  Is  nearly  Identical  to  Shigella  sonnel  IS600  and  Is 
related  to  E.  coll  IS3.  As  It  was  estimated  by  dot-blot  hy¬ 
bridisation,  the  sht  operon  Is  present  In  genomes  of  the 
different  clinical  Isolates  of  S.dysenterlae  In  the  number 
from  one  to  four  copies.  Southern  blot  hybridization  has 
showed  that  despite  of  the  differences  In  copy  number,  the 
sht  sequences  seems  to  be  organized  as  a  structurally  Idenl- 
cal  vmlts  the  minimal  size  of  wlch  20  KB.  The  IS  element  may 
be  a  structural  component  of  the  transposon  responsible  for 
sht  operon  amplification  In  the  chromosome  of  Shigella. 
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ABSTRACT 

Bordetella  pertussis  adenylate  cyclase  Is  synthesized  as  a  bifunctional 
precursor  of  1706  residues  endowed  with  both  cAMP  synthesizing  and 
haemolytic  activities.  The  calmodulin-dependent  catalytic  activity  Is 
located  within  the  first  399  residues:  the  segment  situated  between 
residues  1-235/237  harbors  the  ATP-blndlng  site,  the  segment  situated 
between  residues  236/233  -  399  Is  the  main  calmodulin-binding  domain. 
B.  pertussis  adenylate  cyclase  displays  Immunological  cross-reactivity 
with  two  other  calmodu : in-activated  adenylate  cyclases,  one  from 
B.  anthracis  and  one  from  rat  brain.  The  secretion  of  the  adenylate 
cyclase-haemolysin  bifunctional  protein  requires  the  products  of  three 
genes  located  downstream  of  the  adenylate  cyclase  gene. 


INTRODUCTION 

Calmodulin-dependent  adenylate  cyclase  toxin,  secreted  by  Bordetella 
pertussis,  is  one  of  the  factors  Implicated  In  the  virulence  of  this 
bacterium  (22).  The  "Invaslveness"  of  adenylate  cyclase,  I.e.  Its 
ability  to  enter  eukaryotic  cells,  has  been  ascribed  to  different 
molecular  forms  of  this  enzyme  (9,  10,  15).  Uncovering  of  the  mechanism 
of  Invaslveness  and  of  the  toxic  effects  of  the  enzyme  In  the 
pathophysiology  of  whooping  cough  requires  a  full  understanding  of  the 
structure-function  relationship  of  adenylate  cyclase. 
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We  have  cloned  B.  pertussis  adenylate  cyclase  (crya)  gene,  determined 
Its  nucleotide-sequence,  and  studied  the  secretion  of  the  protein  (5, 
6).  Our  results  established  that  adenylate  cyclase  is  synthesized  as  a 
bifunctional  precursor  endowed  with  both  adenylate  cyclase  and 
haemolytic  activities.  We  have  also  shown  that  the  secretion  of  the 
bifunctional  protein  requires  the  products  of  three  genes  located 
downstream  from  the  adenylate  cyclase  gene. 


CALMODULIN-ACTIVATED  ADENYLATE  CYCLASE:  STRUCTURE -FUNCTION  RELATIONSHIP 

Biochemical  characterization  of  B.  pertussis  adenylate  cyclase  was 
hampered  by  the  fact  that  enzyme  obtained  from  both  culture 
supernatants  and  bacterial  extracts  was  markedly  unhomogenous  (10,  12, 
19).  Thus,  the  "low"  molecular  weight  form  of  enzyme  varied  in  size 
between  43  and  60  kOa,  whereas  the  "high"  molecular  weight  form  has 
been  described  as  ranging  between  120  and  700  kOa.  We  prepared  a 
homogenous,  low  molecular  weight  form  of  B.  pertussis  adenylate  cyclase 
(43  kOa)  by  mild  trypsin  digestion  of  a  mixture  of  three  structurally 
related  peptides  (50,  45  and  43  kOa)  (13).  The  amino  acid  composition 
of  the  43  kOa  protein  was  closely  related  to  that  of  the  peptide 
corresponding  to  the  NH2-terminal  399  amino  acids  (Mr  *  42,939)  of  the 
adenylate  cyclase  precursor.  The  structural  organization  of  the  43  kOa 
form  of  adenylate  cyclase,  which  exhibits  full  calmodulin-activated 
catalytic  activity,  (kcat  around  2,000  s-^  at  30“C  and  pH  8)  was 
further  dissected  using  a  variety  of  approaches:  (1)  cleavage  of  enzyme 
with  proteases  or  chemical  reagents  (N-chlorosuccinimide  and  cyanogen 
bromide)  and  separation  of  the  products  by  sodium  dodecyi  sulfate- 
polyacrylamide  gel  electrophoresis;  (ii)  labeling  of  adenylate  cyclase 
with  photoactivable  derivatives  of  ATP  and  calmodulin;  (ill)  synthesis 
of  peptides  containing  between  16  and  24  residues  capable  of 
interacting  either  with  ATP  or  with  calmodulin;  (1v)  site-directed 
mutagenesis.  Trypsin  digestion  of  the  43  kOa  adenylate  cyclase  allowed 
isolation  of  two  complementary  fragments  of  25  kOa  (T25)  and  18  kOa 
(T18).  T25  represents  the  N-terminal  domain  of  the  43  kOa  protein  and 
harbors  the  ATP-binding  site  of  adenylate  cyclase,  whereas  T18 
represents  the  main  calmodulin-binding  site  (Fig.  1).  l25i.azicio. 
calmodulin  binds  preferentially  to  the  C-terminal  fragment  of  adenylate 
cyclase  (T18)  upon  photolysis  (11). 
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FIG.l:  Structural 
organization  of 
the  low  molecular 
weight  (43  kPa) 
form  of  adenylate 
cyclase.  The  black 
bars  correspond  to 
sequences  involved 
in  the  interaction 
with  ATP  and  cal¬ 
modulin.  Asterisks 
indicate  the  re¬ 
sidues  submitted 
to  site-directed 
mutagenesis. 
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In  order  to  obtain  more  information  about  the  putative  calmodulin- 
binding  site  of  B.  pertussis  adenylate  cyclase,  a  peptide  of  20 
residuiis  corresponding  to  the  segment  situated  between  Arg  235  and 
Gly  254  (P235-254)  1"  the  primary  structure  of  the  en2j«e  was 

synthesized.  Tnis  peptide  has  some  features  characteristic  to 
calmodulin-binding  sequences  such  as  presence  of  basic  and  hydrophobic 
residues  forming  amphiphilic  a-helices  (Fig.  2A).  The  fluorescence 
emission  spectrum  of  P235-254»  which  has  a  maximum  at  350  nm,  was 
shifted  to  325  nm  in  the  presence  of  equimolar  concentrations  of 
calmodulin,  whereas  total  fluorescence  intensity  was  increased  by  a 
factor  of  1.8.  EGTA  promoted  dissociation  of  the  P235.254/calii!Odu11n 
complex  (Fig.  2B). 

FIG.  2: 

(A) , A  helix  wheel 
representation  of 
the  putative 
calnodulin-binding 
sequence  of 
B.  pertussis 
adenylate  cyclase. 

(B) ,Ca2*-dependent 
binding  of  synthe¬ 
tic  P2  3  5-254  pep¬ 
tide  to  calmodulin 
as  shown  by  fluo¬ 
rescence  aaalysis. 

(a) ,  synthetic 
peptide  alone; 

(b) ,  syntiietic 
peptide  Ca^"*^- 
calmodulin; 

(c) ,  sane  as  (b) 
after  addition  of 
excess  EGTA. 

To  further  strengthen  the  location  of  the  calmodulin-binding  site  of 
B.  pertussis  adenylate  cyclase  within  the  segment  situated  between 
residues  235  and  254,  Trp242  was  chosen  as  the  first  target  for 
analysis  by  site-directed  mutagenesis.  For  this  purpose,  a  truncated 
recombinant  B.  pertussis  adenylate  cyclase  was  expressed  in  E.  coll 
(4).  Replacement  of  Trp242  in  wild-type  adenylate  cyclase  with  Val, 
Arg,  Gly  and  Asp  (W242V,  W242R,  W242G  and  W242D  mutants)  had  little 
effect  on  maximal  catal^ic  activity.  However,  the  Kd  of  adenylate 
cyclase  for  calmodulin  was  increased  by  a  factor  which  varied  between 
2.5  {W242V  mutant)  and  1750  (W2420  mutant),  as  compared  to  wild-type 
protein.  By  comparing  the  sequence  situated  between  residues  54  and  70 
of  B.  pertussis  adenylate  cyclase  (Fig.  1)  with  the  well-known  motif 
GXXXGKT(S)  in  ATP-binding  proteins  (17)  one  might  surmise  that  the 
polyphosphate-binding  site  in  the  bacterial  enzyme  is  located  near 
Lys  65.  Lys  65,  as  well  as  Lys  58,  were  replaced  by  site-directed 
mutagenesis  with  Gin.  Both  mutants  (K65Q  and  K58Q)  showed  drastically 
reduced  catalytic  activity  (0.05  %  and  0.02  %,  respectively,  as 
compared  to  the  wild-type  enzyme)  with  unimpaired  calmodulin-binding 
properties. 
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SECRETION  OF  BIFUNCTIONAL  ADENYLATE  CYCLASE-HAEMOLYSIN  PROTEIN 

We  have  recently  cloned  the  adenylate  cyclase  gene  (cya)  of 
B.  pertussis,  determined  its  nucleotide  sequence,  and  expressed  it  in 
Escherichia  coll  (5).  The  protein  Is  synthesized  as  a  large  precursor 
of  1706  amino  acid  residues.  In  vitro  deletion  experiments  and 
determination  of  the  amino  acid  composition  of  the  pure  enzyme  have 
shown  that  the  399  amino  acid  N-termlnal  end  of  the  precursor 
corresponds  to  the  calmodulin-activated  catalytic  domain  of  the 
protein.  Comparison  of  carboxy-termlnal  amino  acid  residues  of 
adenylate  cyclase  precursor  with  the  E.  coll  alpha-haemolysin  and  with 
the  Pasteurella  haemolytica  leucotoxin  revealed  striking  similarities 
(6).  The  degree  of  similarity  was  25  %  between  B.  pertussis  adenylate 
cyclase  and  L  coll  alpha-haemolysin,  22  %  between  B.  pertussis 
adenylate  cyclase  and  P.  haemolytica  leucotoxin,  and  37  %  between 
E.  coll  haemolysin  and  P.  haemolytica  leucotoxin.  Based  on  this 
sequence  homology.  It  seemed  reasonable  to  suppose  that  the  adenylate 
cyclase  precursor  Is  a  bifunctional  protein  carrying  the  adenylate 
cyclase  activity  at  Its  N-termlnal  end  and  the  haemolytic  activity  at 
the  C-termlnal  part.  Two  lines  of  evidence  corroborated  this 
hypothesis:  (1)  an  in-phase  deletion  of  a  471  bp  nucleotide  fragment 
between  amino  acid  residues  623  and  779  of  the  precursor  abolished 
haemolytic  activity  without  Interfering  with  adenylate  cyclase  activity 
(6  and  see  Table  1,  and  Fig.  3);  (11)  the  secreted  200  kOa  precursor 
exhibited  both  adenylate  cyclase  and  haemolytic  activities  (Bellalou  et 
al.,  this  volume). 

Adenylate  cyclase  does  not  contain  a  signal  sequence  at  the  N-terminal 
end,  and  Its  secretion  requires  products  of  additional  genes.  The 
molecular  organization  of  adenylate  cyclase  secretory  genes  has  been 
established  by  complementation  and  the  nucleotide  sequence  of  secretion 
genes  determined  (6). 


TABLE  1 

Adenylate  cyclase  and  haemolytic  activities  of  transconjugants® 


Adenylate  cyclase  activity*’ 

Strain  Plasmid  -  Haemolysis^ 

Bacterial 

extracts  Supernatants 


Tohama  81-32 

no 

3 

+ 

BP348 

• 

<  0.01 

<  0.01 

• 

BP348 

PDIA5214 

190 

<  0.01 

• 

8P348 

PDIA5211 

275 

43 

++ 

BP348 

PDIA5210 

103 

<  0.01 

• 

BP348 

PDIA5212 

no 

8 

- 

■Bacterial  mating  was  performed  as  described  in  (5). 

**Measured  in  the  presence  of  1  pM  calmodulin  and  expressed  in  nmol  of 
cAMP/min/mg  protein  in  bacterial  extracts  and  nmol  of  cAMP/min/ml  in 
supernatants. 

®  -;no  haemolysis,  +:  haemolysis  after  48  h,  haemolysis  after  24  h. 
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Table  1  shows  complementation  studies  using  different  B.  pertussis  DNA 
fragments.  Restoration  of  the  haemolytic  phenotype  of  strain  BP348  (21) 
was  achieved  with  plasmid  pDIA5211  (see  Fig.  3),  where  the  inserted 
fragment  comprises  the  cya  gene  and  a  5.5  kb  fragment  of  downstream 
sequences.  Three  open  reading  frames  were  identified,  designed  eyas, 
cyaD  and  cyaB  which  code  for  polypeptides  of  712,  440  and  474  amino 
acid  residues,  respectively.  The  gene  products  of  eyas  and  eyas  are 
highly  similar  to  the  hlyB  and  hhjD  genes  of  the  E.  coli  hly  operon, 
required  for  the  transport  of  alpha-haemolysin  across  the  cell  envelope 
(7,  14,  20,  23).  Overall  similarity  of  eyas  and  hiyB  gene  products  is 
greater  than  50  %  and  the  eyas  and  hlyo  gene  products  share  i  32  % 
similarity.  Unlike  for  E.  coH  alpha-haemolysin,  the  secretion  of 
adenylate  cyclase-haemolysin  (cyaA  gene  product)  requires  the  product 
of  an  additional  gene,  eyas.  Structural  similarities  between  the 
B.  pertussis  cya  operon  and  the  E.  coll  hly  operon  (Fig.  4)  strongly 
suggests  that  the  secretion  of  B.  pertussis  adenylate  cyclase  occurs  by 
a  mechanism  similar  to  that  of  E.  coli  haemolysin. 
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FIG.  3:  Restriction  map  of  plasmids  encoding  the  cya  locus  of 
B.  pertussis.  Plasmid  pDIA5207  was  constructed  by  insertion  of  the  Nsil 
DNA  fragment  encompassing  the  cya  region  at  the  PstI  site  from  plasmid 
pGA46  (2).  All  other  plasmids  are  derivatives  from  pLA2917  (1).  The 
inserted  DNA  fragment  in  plasmid  pDIA5214  was  obtained  by  BamHI 
digestion  of  plasmid  pDlAS  (5).  The  DNA  fragment  inserted  in  plasmid 
pDIA5211  was  obtained  after  partial  digestion  by  PstI  and  digestion  by 
Hindlll  of  plasmid  pDIA5207.  The  DNA  fragment  inserted  in  plasmid 
pDIA5210  was  obtained  after  partial  digestion  by  BamHI  of  plasmid 
pDIA5207.  Plasmid  pDIA5212  was  obtained  by  partial  digestion  by  Bglll 
and  ligation.  In  plasmid  pDIA5214  the  expression  of  the  cya  gene  is 
under  the  control  of  the  Km  promoter,  whereas  in  the  other  plasmids  the 
expression  of  the  cya  gene  is  under  the  control  of  its  own  promoter. 
BamHI  restriction  sites  are  ordered  following  cya  transcription 
orientation. 
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FIG.  4:  Comparison  of  B.  pertussis  cya  operon  and  E.  coli  hly  operon. 
The  homologous  genes  cyaA/hlyA,  cyaB/hlyS  and  cyaD/hlyD  are  organized 
in  Che  same  manner. 


RELATEDNESS  WITH  OTHER  CALMODULIN-SENSITIVE  ADENYLATE  CYCLASES 

We  have  recently  shown  that  B.  pertussis  adenylate  cyclase  displays 
Immunological  cross-reactivity  with  two  other  calmodulin-stimulated 
adenylate  cyclases,  namely  with  the  rat  brain  catalytic  subunit  (18) 
and  with  Bacillus  anthracis  edema  factor  (16).  The  nucleotide  sequence 
determination  of  the  two  bacterial  adenylate  cyclases  has  revealed 
that,  although  the  overall  sequences  are  very  different,  they  contain  a 
well-conserved  stretch  of  24  amino  acids  (3;  Mock  et  al.,  this  volume). 
Making  use  of  antibodies  raised  against  a  synthetic  peptide 
corresponding  to  part  of  the  conserved  sequence,  we  showed  that  these 
antibodies  recognized  both  bacterial  enzymes  as  well  as  the  eukaryotic 
catalytic  subunit  (Fig.  5).  Several  lines  of  evidence  Indicated  that 
this  peptide  is  part  of  the  catalytic  domain  of  the  bacterial  enzymes 
(8).  These  data  suggest  that  the  two  bacterial,  calmodulin-activated 
adenylate  cyclases  and  the  rat-brain  catalytic  subunit  have  a  common 
origin. 
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FIG.  5;  Immunochemical  detection  of 
bacterial  and  eukaryotic  adenylate 
cyclases  by  anti-peptide  innnune  serum. 
Lane  1,  B.  pertussis  enzyme;  lane  2, 
B,  anthracis  enzyme;  lane  3,  rat-brain 
synaptosomal  preparation.  Proteins  were 
purified  as  described  in  (8),  separated 
by  SDS-PAGE,  transferred  to  nitro¬ 
cellulose  and  reacted  with  anti-peptide 
innnune  serum.  The  corresponding  pre- 
immune  serum  gave  no  reaction. 


CONCLUDING  REMARKS 

Studies  of  structure-function  relationship  of  the  B.  pertussis 
adenylate  cyclase  allowed  local Izating  the  sites  involved  in  the 
interaction  of  the  enzyme  with  substrate  and  with  calmodulin.  Mutants 
obtained  by  site-directed  mutagenesis  which  had  decreased  affinity  for 
substrate  or  calmodulin,  offer  a  useful  tool  for  studying  the 
mechanisms  of  invasiveness  and  the  toxic  effects  of  adenylate  cyclase. 
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The  finding  that  the  cya  gene  product  is  a  bifunctional  protein  endowed 
with  both  adenylate  cyclase  and  haemolytic  activities  raises  important 
questions  as  to  the  molecular  structure  of  toxic  forms  of  the  protein. 
If  both  activities  are  necessary  for  invasiveness,  it  is  tempting  to 
suppose  that  the  haemolytic  activity  is  involved  in  pore  formation  in 
host  cells,  thus  permitting  the  entry  of  the  catalytical ly  active 
adenylate  cyclase.  Further  analysis  of  the  bifunctional  protein  should 
contribute  to  a  better  understanding  of  the  toxic  effects  of  adenylate 
cyclase. 
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Thiol'dependent  exotoxin  as  a  promoting  factor  for  intracellular 
growth  of  Listeria  monocytogenes 
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Laboratoire  de  Microbiologie,  Faculty  Necker-Enfants  Malades,  Paris,  France. 


The  first  major  contribution  in  our  knowlegdc  of  pathophysiology  of  listeriosis  comes 
from  the  pioneer  work  of  GB  Mackaness  in  1962  who  demonstrated  that  bacteria  were 
capable  of  surviving  and  even  of  multiplying  within  resident  macrophages  (1 ).  From  this 
finding  originate  several  major  concepts  in  the  field  of  infectious  diseases  and 
immunology  ;  (1)  certain  microorganisms  can  take  advantage  of  macrophages  as 
replicating  sites,  thus  escaping  to  immune  system  (concept  of  intracellular  pathogen) ;  (2) 
the  host  can  react  through  T-cell  dependent  macronhage  activation  ,  allowing  these 
scavenger  cells  to  ultimately  destroy  intracellular  bacteria  (concept  of  activated 
macrophage).  Henceforth,  L.  monocytogenes  has  been  extensively  used  by 
immunologists  as  a  model  to  study  the  induction  of  T  cell-mediated  immunity  against 
intracellular  parasites.  Recent  dramatic  outbreaks  of  human  listeriosis  occuring  in  several 
developed  countries  such  as  USA,  Canada,  France  and  Switzerland,  were  an  inducement 
to  obtain  new  information  on  the  molecular  mechanisms  prevailing  in  the  virulence  of  L. 
monocytogenes .  The  present  report  will  briefly  review  the  main  break-throughs  in  this 
field. 

Listeria  monocytogenes  is  virulent  in  immunocompetent  host 

Often  considered  as  an  opportunistic  pathogen  because  many  human  cases  concern 
newborns  infected  in  utero  and  immunocompromi.sed  patients,  clinical  reports 
undoubtedly  demonstrate  that  infection  can  proceed  in  healthy  people.  For  example,  in  a 
serie  of  824  cases  (2),  it  has  been  found  that  more  than  50  %  of  infections  reported  in 
children  and  adults  were  observed  in  apparently  healthy  persons.  Likewise,  outbreaks 
occur  in  apparently  healthy  animals  (cattle...),  involving  most  animals  of  herds.  These 
considerations  strongly  suggest  that  L.  monocytogenes  is  a  virulent  organism  capable  of 
infecting  immunocompetent  organisms. 

Listeria  monocytogenes  is  a  ubiquitous  and  invasive  pathogen 

Few  bacteria  display  a  so  wide  array  of  natural  hosts  than  L.  monocytogenes  .  This 
pathogen  is  responsible  for  severe  infections  for,  at  least,  37  species  of  mammals, 
including  humans,  17  species  of  birds,  fish,  shell-fish  and  insects  (3).  Obviously,  this 
might  be  related  to  the  fact  that  L.  monocytogenes  is  widely  spread  in  nature  as 
saprophyte  in  the  soil,  thus  increasing  the  probability  of  contamination.  However,  this 
ubiquitous  pathogenicity  is  meaningful  in  terms  of  virulence,  indicating  that  bacteria  can 
invade  many  different  hosts,  regarless  of  body  temperature,  reactivity  of  immune  system 
and  many  other  differences  which  usually  interfere  with  the  expression  of  virulence.  This 
implicates  that  the  receptors  allowing  cell-bacterium  interaction  are  probably  highly 
conserved  through  many  susceptible  animal  species.  Likewise,  the  process  of  intracellular 
multiplication  can  take  place  in  many  different  hosts,  suggesting  the  existence  of  a 
permissive  mechanism  in  most  living  species.  Many  clinical  features  illustrate  the 
existence  of  an  invasive  process  during  the  course  of  Listeria  infection.  The  intestine  is 
the  usual  site  of  entry  of  this  microorganism,  but  conjonctival,  nasal  and  respirator)' 
routes  have  been  occasionally  mentioned  as  natural  or  artificial  means  of  exposure.  Also 
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indicative  of  invasiveness  is  the  propensity  of  L.  monocytogenes  to  infect  placenta  and 
the  central  nervous  system.The  high  frequency  of  meningoencephalitis  in  listeriosis  is  one 
of  the  most  remarkable  features  of  this  (hsease  observed  in  about  70  %  of  human  cases, 
meaning  that  bacteria  can  cross  endothelial  cells  to  multiply  in  extravascular  sites 
surrounding  brain  capillaries.The  same  process  must  occur  in  the  placenta  and  the  skin, 
when  cutaneous  metastasis  are  found  in  severe  forms  observed  in  newborns 
(granulomatosis  ir^antiseptica ). 


Evidence  that  Listeria  monocytogenes  produces  a  toxin  promoting 
intracellular  multiplication 

The  observation  that  virtually  all  strains  isolated  from  nauiral  infections  produce  a  zone  of 
hemolysis  on  blood  agar,  in  contrast  to  the  lack  of  virulence  of  nonhemolytic  species 
(4-6)  was  indicative  for  a  relationship  between  production  of  hemolysin  and  virulence. 
However,  despite  many  attempts  in  the  past,  the  hemolysin  was  not  purified  at 
homogeneity  and  no  convincing  evidence  was  brought  up  to  believe  for  a  .vajor  role  of 
hemolysin  in  the  virulence  of  L.monocytogenes .  Even,  the  existence  of  hemolytic  strains 
(now  identified  as  L.  seeligeri  )  that  revealed  totally  avirulent  added  to  the  confusion, 
insuch  as  the  role  of  hemolysin  in  virulence  remained  controversial  until  recently . 

The  molecular  mechanisms  promoting  intracellular  multiplication  of  L.  monocytogenes 
has  been  recently  investigated  by  a  genetic  approach  (7).  Our  strategy  was  to  obtain 
well-characterized  avirulent  mutants,  differing  from  the  parental  strain  by  a  very  limited 
number  of  genes  (ideally  one  gene),  then  to  clone  and  to  sequence  the  gene(s)  responsible 
for  virulence,  and  in  the  same  time,  to  characterize  the  product  of  this  gene  through 
purification  procedures.  This  was  achieved  by  transposon  mutagenesis  on  a  virulent 
strain  of  L.  monocytogenes  (7).  The  26-kb  conjugative  transposon  Tn  1545  was 
transferred  from  a  donor  strain  designated  BM4140  to  a  recipient  virulent  strain  EGD 
SmR  of  L.  monocytogenes  .  In  a  first  step,  we  screened  2500  transconjugants  for  the 
production  of  hemolysin,  thus  isolating  one  nonhemolytic  mutant.  This  nonhemolytic 
mutant  was  totally  avirulent  and  failed  to  multiply  in  host  tissues  when  the  kinetics  of 
survival  was  followed  in  organs.  Its  LD50  was  estimated  at  lO^-^  per  mouse.  It  was 
remarkable  that  virulence  was  restored  in  the  hemolysin-producing  revertant  strain 
obtained  by  spontaneous  loss  of  transposon  Tn  1545  .  These  results  were  then 
confirmed,  using  the  same  or  another  transposon  to  induce  mutagenesis  :  all 
nonhemolytic  mutant  obtained  were  avirulent  (8, 9). 

We  then  established  that  this  avirulent,  nonhemolytic  mutant  resulted  from  the  insertion  of 
a  single  copy  of  Tn  1545  ,  as  shown  by  Southern-blotting  analysis  using  an  intragenic 
probe  specific  for  the  kanamycin  resistance  gene  of  Tn  1545  .  To  eliminate  the  possible 
insertion  ins:  ie  a  regulatory  gene  controlling  a  multigenic  operon  implicated  in  virulence, 
it  was  important  to  make  sure  that  the  insertion  of  Tn  1545  took  place  inside  the 
structural  gene  of  hemolysin.  This  was  achieved  by  two  approaches  :  (1)  by 
immunoblotting  using  a  rabbit  antiserum  against  highly  purified  hemolysin  (see  later), 
the  nonhemolytic  mutant  was  found  to  secrete  an  inactive,  truncated,  52  kD  hemolysin 

(10)  ;  (2)  by  cloning  the  left  end  of  Tn  1545  encoding  for  kanamycin  resistance  and  the 
flanking  region  of  the  chromosomal  DNA  in  the  plaso  ’  n  JR322,  it  was  found  that  the 
tr^sposon  Tn  1545  had  inserted  in  an  opened  reading .  sharing  striking  homologies 
with  two  close-related  exotoxins,  streptolysin  O  and  pneumolysin  (10). 

Meanwhile,  the  hemolysin  of  L.  monocytogenes  has  been  purified  by  C.  Geoffroy  et  al. 

(11) .  This  was  achieved  by  using  thiol-disulfide  exchange  affinity  chromatography, 
taking  advantage  of  the  putative  presence  of  free-SH  on  the  protein  to  be  purified.  The 
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hemolysin  was  characterized  as  a  58  kD  protein,  termed  Hsteriolysin  O,  sharing  the 
classical  properties  of  sulfhydryl-activated  exotoxin,  including  inhibition  by  cholesterol 
and  antigenic  cross-reactivity  with  streptolysin  O  and  other  sulfhydryl-activated  toxins.  It 
is  interesting  to  mention  that  cholesterol  molecules  are  constitutive  of  lipid  bilayer  in  all 
eukaiyodc  cells,  but  they  arc  not  found  in  procaryotic  cells,  except  in  mycoplasmas.  This 
protein  was  highly  toxin  in  the  mou^e  (LD  50  :  0.8  fig  per  mouse)  and  displayed  a 
remarkable  feature :  its  cytolytic  activity  towards  erythrocytes  from  various  animal  species 
was  maximum  at  low  pH  (~  5.5).  It  is  tempting  to  relate  this  finding  to  the  fact  that  L. 
monocytogenes  is  the  only  intracellular  facultative  microorganism  among  the  bacterial 
pathogens  secreting  SH-activated  toxins. 

The  listeriolysion  O  gene  has  been  recently  cloned  and  sequenced  (12, 13).  The  deduced 
protein  sequence  reveals  the  presence  of  a  25  amino-acid  signal  sequence,  associated  to 
the  secreted  form  of  the  toxin  (504  aminoacids),  which  corresponds  to  a  molecular  weight 
of  58  kD  (13).  The  protein  sequence  is  highly  homologous  to  those  of  streptolysin  O  and 
pneumolysin  (14,  15).  A  peptide  of  11  amino-acids  conserved  in  the  three  proteins 
contains  the  unique  cysteine  of  these  exotoxins.  By  DNA  probing  (13),  as  well  by 
immunoblotting  analysis  with  a  rabbit  anti-listeriolysin  O  (16),  it  was  found  that  all 
strains  of  L.  monocytogenes  produced  Hsteriolysin  O.  The  final  step  to  demonstrate  the 
role  of  Hsteriolysin  O  in  the  virulence  of  L.  monocytogenes  was  to  eliminate  the  existence 
of  a  polar  mutation  involving  the  genes  nearby  the  transposon  insertion.  For  this  purpose, 
the  Hsteriolysin  O  gene  with  its  promoter  was  cloned  in  a  shunle  vector  and  reintroduced 
into  a  nonhemolytic,  avirulent  strain  of  L.  monocytogenes  obtained  by  transposon 
mutagenesis  by  insertion  of  transposon  Tn  917  inside  the  structural  gene  of  Hsteriolysin 
O.  This  genetic  complementation  test  results  in  restoration  of  virulence,  demonstrating 
that  the  Hsteriolysin  O  is  a  major  factor  promoting  intracellular  growth  of  L. 
monocytogenes  (17). 

The  use  of  an  in  vitro  model  of  infection  allowed  us  to  confinn  the  mechanism  of 
intracellular  growth  at  the  cellular  lev-I.  By  infecting  in  vitro  the  human  enterocyte-Hke 
cell  line  Caco-2  with  L.  monocytogenes  ,  it  was  found  that  bacteria  from  the 
nonhemolytic  mutant  penetrate  the  cells  as  well  as  the  hemolytic  revertant  bacteria,  but 
this  nonhemolytic  mutant  revealed  unable  to  replicate  in  these  nonprofessional  phagocytes 
(18,  19).  This  means  that  Hsteriolysin  O  does  not  interfere  in  the  step  of  invasion,  but 
only  during  the  phase  of  intracellular  multiplication.  Quantitative  electron  microscopy 
brought  direct  evidence  that  hemolytic  bacteria  are  released  free  within  the  cytoplasma 
through  vacuolar  membrane  disruption,  as  opposed  to  nonhemolytic  bacteria  which 
remained  confined  inside  phagolysosomes  (18,  19). 

The  use  of  nonhemolytic  mutants  revealed  a  powerful  tool  to  demonstrate  that  intracellular 
growth  of  L.  monocytogenes  is  essential  to  induce  the  emergence  of  protective  T  cells  in 
the  mouse  (20).  Whereas  minute  doses  of  hemolytic  bacteria  capable  of  growing  in  host 
tissues  easily  induced  the  expression  of  T  cell-mediated  im-munity,  it  was  found  that 
nonhemolytic  bacteria  unable  to  multiply  in  host  tissues  totally  failed  to  initiate  the 
expression  of  T  cell-mediated  immunity  in  vivo.  This  failure  was  even  observed  when 
mice  were  repeatedly  infected  by  high  doses  of  nonhemolytic  bacteria,  allowing  to 
maintain  a  significant  amount  of  viable  bacteria  for  several  days  in  host  tissues. 
Therefore,  the  presence  of  viable  bacteria  at  a  significant  level  in  the  host  is  not  sufficient 
per  se  to  induce  detectable  T  cell  clonal  expansion  in  the  in  vivo  setting,  implying  that  the 
process  of  bacterial  growth  inside  macrophages  is  required  to  initiate  in  vivo  the 
expression  of  T  cell-mediated  immunity.  In  addition,  it  was  found  that  infection  with 
viable,  replicative  bacteria  induced  in  vivo  the  emergence  of  T  cells  specifically  reacting 
against  highly  purified  Hsteriolysin  O  as  demonstrated  by  eliciting  delayed-type 
hypersensitivity  to  Hsterolysin  O  in  Listeria  -immune  mice  (21).  The  expression  of  T 
cell-mediated  immunity  to  Hsteriolysin  O  was  generated  by  very  low  amounts  of 
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replicative  bacteria,  indicating  that  the  exotoxin  released  in  host  tissues  during  the  process 
of  intracellular  growth  is  highly  immunogenic.  The  binding  of  listcriolysin  O  to  the 
membrane  cholesterol  might  be  a  critical  event  potentiating  the  in  vivo  expression  of 
delayed  sensitivity’  against  this  exotoxin.  Indeed,  the  insertion  of  listeriolysin  O  into  the 
cell  membrane  induced  resistance  to  enzymatic  proteolysis  and  membrane- bound 
listeriolysin  O  was  signiftcandy  more  effective  in  inducing  delayed  inflammatory  reacd>'n 
in  Listeria  -immune  mice  (21). 


Model  of  intracellular  multiplication  of  Listeria  monocytogenes 

From  the  above  considerations,  we  have  proposed  a  model  of  intracellular  growth  of  L. 
monocytogenes  (22,  23).  confirming  an  hypothesis  proposed  long  ago  (24-26).  Bacteria 
internalized  by  professional  or  non-professional  phagocytes  are  confined  inside 
phagosomes.  Indeed,  the  replication  site  cannot  ^  the  phagolysosome  since  L. 
monocytogenes  does  not  replicate  under  pH  5.6  (3).  Very  quickly,  the  phagolysosomal 
fusion  occurs,  inducing  an  acidification  of  the  phagolysosome  at  pH  5.5,  allowing  the 
toxin  molecules  to  bind  to  cholesterol  at  low  pH.  This  leads  to  disruption  of  intracellular 
membranes  and  toxin  export  to  the  cytoplasm,  inducing  rapid  bacterial  replication. 
Therefore,  the  basic  mechanism  allowing  intracellular  multiplication  is  to  escape  to  the 
microbicidal  mechanisms  of  macrophages  (oxydarive  burst,  enzymes),  and  to  find  inside 
the  cytqjiasma  a  favorable  environment,  induing  pH,  nutriments  and  iron. 


INVASIVENESS  OF  LISTERIA  MONOCYTOGENES 

Although  of  crucial  importance,  the  interaction  of  L.  monocytogenes  with  professional 
phagocytic  cells  represents  only  one  phase  of  the  entire  infectious  process.  The  strategy 
develop^  by  L.  monocytogenes  in  vivo  includes  at  least  two  additional  steps,  i.e.,  the 
penetration  into  the  host  and  the  invasion  of  target  tissues  such  as  central  nervous  system 
pid  placenta.  The  primary  event  occuring  during  the  infectious  process  is  the  penetration 
into  the  host  through  the  intestine.  In  a  recent  work  using  human  enterocyte  Caco-2  cells 
infected  with  various  strains  of  L.  monocytogenes  (18,  19),  we  demonstrated  that 
bacteria  easily  invade  cnterocytes,  but  this  process  required  an  active  process  of 
phagocytosis  by  the  cells  (directed  phagocytosis),  which  is  inhibited  bj'  cytochalasin  D,  a 
poison  of  cytoskeleton.  Interestingly,  the  directed  phagocytosis  only  concerns  the 
pathogenic  species  {L.  mono-  cytogenes,  L.  ivanovii  )  and  not  the  nonpathogenic  species 
(L.  seeligeri ,  L.  innocua  ,  L.  welshtmeri  ),  suggesting  that  this  process  requires  a 
specific  interaction  between  invasive  bacteria  and  enterocytes.  These  results  give  an 
explanation  to  the  lack  of  virulence  of  certain  Listeria  species.  The  invasive  process  is 
probably  a  general  phenomenon  concerning  many  tissues  in  the  host  taking  place  to  the 
penetration  sites,  and  during  bacterial  dissemination  inside  the  host  tissues.  Indeed, 
bacteria  are  visible  inside  hepatocytes  surrounding  infectious  foci  (26, 27)  and  are  capable 
to  gain  access  to  target  organs,  including  placenta,  nervous  central  system 
(meningoencephalitis)  or  skin. 
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CONCLUSION  :  SCENARIO  OF  THE  INFECTIOUS  DISEASE 

Finally,  it  is  possible  to  propose  a  plausible  scenario  of  the  infecdcus  disease  induced  in 
the  host  by  L.  monocytogenes  t28V  L.  monocytogenes  as  saprophyte  of  the 
environment,  is  orally  itigested  with  contaminated  food.  In  most  cases,  the  infecting  dose 
is  probably  low  and  bacterial  multiplicaiion  is  easily  controlled  in  immunocompetent  hosts 
without  clinical  expression,  as  opposed  to  immunocompre-.nised  hosts.  Moreover,  this 
low-level  contamination  might  contribute  to  create  a  significant  level  of  a;quired 
resistance  in  many  hosts.  High  infectious  doses  are  presumably  needed  to  induce  clinical 
infection  in  normal  hosts,  as  demonstrated  by  oral  infect'on  in  experimental  animal.  The 
key-mechanism  to  understand  the  pathophysiology  of  IIsterio.sis  is  related  to  the  constant 
process  of  invasion-intracellular  multiplication.  Indeed,  bacteria  temporarily  escape  host 
defences  at  the  prmary  replication  site  of  the  intestine,  then  escape  again  inside 
macrophages,  hejjatocytes,  presumably  endothelial  cells  proceeding  through  multiple 
amplification  steps  at  the  various  replication  sites.  This  results  in  formation  of  multiple 
granulomatous  foci  where  the  immune  mechanisms  ultimately  take  place  to  control  the 
disease.  The  severity  of  listeriosis  is  mainly  due  to  the  rapid  extension  of  infectious 
lesions  to  the  central  nervous  system  and  to  the  placenta. 
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INTRODUCTION 

The  ability  of  B. pertussis  to  adhere  to  cell  surfaces  has 
been  proposed  as  an  important  factor  associated  with  the 
virulence  of  this  organism. 

Recently  Ewanowich  et  al.(4)  reported  that  B. parapertussis 
commonly  regarded  as  non  invasive,  is  able  to  invade  HeLa 
cell  monolayers.  In  this  study  the  ability  of  various 
strains  of  B. pertussis  to  invade  eukaryotic  cells  was 
investigated.  The  invasion  of  the  respiratory  tract  mucosa 
could  be  in  fact  an  important  step  in  the  pathogenesis  of 
Bordeteilae . 


MATERIALS  AND  METHODS 

Bacterial  strain  and  growth  condition:  B. pertussis  strains 
338(vir+),  359{vir-),  348 ( Adc- , Hly- ) ,  349 { Hly- ) , 536  FHAAlOl, 
W28(vir+),  W28  ATox  PT  were  grown  on  Bordet  Gengou  agar 

containing  15%  defibrinated  sheep  blood.  The  organisms  used 
in  the  "invasion  assay"  were  grown  in  Stainer  Scholte 
modified  liquid  media  containing  nalidixic  acid  (20/ug/ml) 
and  harvested  in  log  fase. 

HeLa  cell  culture:  The  HeLa  human  epithelium-like  cell  line 
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was  mantained  as  monolayer  in  MEM  containing  101  foetal 
bovine  serum  (ECS),  L-glutamine  (2mM),  Hepes  (25fflfl}  and 
nalidixic  acid  (20^g/ml).  Cells  were  trypsinized  for  detach 
them  from  the  plastic  flasks  washed  twice  and  adjusted  to 
the  right  concentration  for  the  "invasion  assay". 

Monocyte  separation:  Heparinized  venous  blood  diluted  1:3 
with  phosphate  buffered  saline  (PBS)  was  placed  on 
Ficoll-Hypague  and  then  centrifuged  at  400  x  g  for  30  min 
at  room  temperature.  Peripheral  blood  mononuclear  cells 
(PBHC)  were  collected  at  the  interface,  washed  and  suspended 
in  RPMI-1640  supplemented  with  10%  PCS.  To  obtain  cells 
enriched  in  monocytes,  a  one-step  discontinues  gradient  of 
Percoll  was  employed  as  previously  described  (3). 

Invasion  assay:  HeLa  cells  or  monocytes  (2x10*)  were 
incubated  at  3S”C  with  B. pertussis  organisms  (aixio*)for 
different  periods  of  time.  The  cells  were  then  washed  twice 
to  remove  unbound  or  losely  bound  bacteria  and  then 
incubated  for  3  additional  hours  at  37*0  with  medium 
containing  gentamicin  (75  pg/ml )  to  inactivate  the 
extracellular  organisms.  Viable  bacteria  were  recovered 
following  cell  lysis  with  saponin  (0.1%)  and  enumerated  by 
plating  appropriated  diluitions  on  Bordet  Gengou  agar. 


RESULTS  AND  DISCUSSION 

The  recovery  of  B. pertussis  strain  338  (vir+)  and  359  (vir-) 
from  HeLa  cell  lysates  after  incubation  for  different  times 
is  shown  in  f ig.l . 


mm 


b) 


»  Lysale  of  Bp  338  (  vir'*’ )  infccled  HeLa 
a  Lysate  of  Bp  359  (  vir“  )  infected  HeLa 


4 

hrs 


5 


Time  of  infection 

Fig.l.  Kinetics  of  B. pertussis  uptake  by  HeLa  cells. 


The  number  of  organisms  per  lysate  increased  with  time, 
reaching  a  plateau  at  30  min.  The  viable  bacteria  of  the 
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virulent  strain  338  in  the  lysate  was  always  much  greater 
than  that  of  the  non  virulent  strain  359. 

The  ability  of  B. pertussis  to  invade  eukaryotic  cells  was 
further  investigated  by  employing  several  transformed  cell 
lines  as  well  as  fresh  monocytes.  The  results  shown  in  fig. 2 
once  again  indicate  that  the  recovery  of  B. pertussis  strain 
338  following  1  hr  of  incubation  was  markedly  higher  than 
that  observed  with  the  strain  359. 


HtLiG  CHO  iUIKAT  lAjl  •■tlV  UtSf 

rig. 2.  B. pertussis  invasion  of  transformed  eukariotic  cell 
lines. 

Microscopic  examination  of  HeLa  cell  viability  after 
coincubation  with  B. pertussis  showed  a  very  small  number  of 
dead  cells.  The  results  regarding  the  intracellular  growth 
of  B. pertussis,  assessed  by  quantitative  bacteriology  are 


Time  { hr* ) 

Fig. 3.  Time-course  of  B. pertussis  surviving  in  infected  HeLa 
cells. 

Although  the  number  of  intracellular  virulent  bacteria 
progressively  increased,  the  growth  appeared  limited,  in 
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fact  cells  did  not  contain  large  numbers  of  intracellular 
organisms  even  44  hours  postinfection,  with  strain  359  the 
number  of  bacteria  recovered  was  very  low  or  undetectable 
throughout  the  experiment. 

The  results  of  representative  experiment  performed  to 
determine  the  invasiveness  of  several  B. pertussis  mutants 
are  shown  in  fig. 4. 


■  Bp338(vir*) 

D  Bp3S9  (vir) 

□  Bp536FHAA101 
^  Bp348Adc';Hlj' 

□  Bp349Hly' 

^  W28(vir*) 

B  WMAloxPT 


MONOCYTES 

Fig. 4  Comparison  of  the  invasive  capability  of  B. pertussis 
mutants  for  monocytes. 


These  mutants  were  tested  for  their  ability  to  penetrate 
into  freshly  isolated  monocytes.  The  recovery  from  cell 
lysates  of  viable  organisms  of  a  B. pertussis  strain  lacking 
the  toxin  gene  (W28  ATOX)  was  similar  to  that  of  the  wild 
type.  The  recovery  of  the  adenylate  cyclase  and  hemolysin 
deficient  mutants  was  similar.  The  results  obtained  would 
suggest  that  pertussis  toxin,  which  is  responsible  for  most 
of  adverse  systemic  reactions  associated  with  whooping 
cough,  is  not  mainly  involved  in  the  processes  of  adherence 
and  invasiveness. 

The  most  difficult  problem  in  assessing  cell  culture  pe¬ 
netration  is  the  determination  of  the  intracellular  bacteria 
compared  to  those  residing  between  cells  or  attached  to 
them.  The  disruption  of  cells  after  infection  and  plating  of 
the  resulting  lysates  is  a  method  to  enumerate  internalized 
bacteria.  To  this  regard,  most  investigators  have  used 
antibiotic  counterselection  to  remove  or  reduce  adherent  and 
non  internalized  bacterial  population.  Using  this  procedure 
they  evaluated  the  number  of  viable  intracellular  bacteria. 
However,  our  results  indicate  that  the  antibiotic  treatment 
is  not  completely  effective  (data  not  shown).  In  fact,  we 
found  that  infected  HeLa  cells  exposed  to  gentamicin  for  3 
hrs  at  37®C  and  then  maintained  for  additional  2  hrs  at  4®C, 
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released  in  their  supernatant  a  significant  number  of  viable 
bacteria.  A  reduction  of  the  metabolism  of  those  bacteria 
attached  to  eukaryotic  cell  membrane  may  explain  their 
decreased  susceptibility  to  the  antibiotic  treatment. 

In  order  to  discriminate  between  attachment  and 
internalization  we  have  used  as  different  approach  a  flow 
cytometric  fluorescence  technique  together  with  trypan  blue 
to  quench  the  extracellular  fluorescence  of  fluorescein 
isothiocyanate  (FITC)  labeled  B. pertussis.  Trypan  blue  in 
fact  is  able  to  quench  the  fluorescence  of  FITC-labeled 
particles( 2 ) .  Since  the  dye  is  not  taken  up  by  viable  cells 
the  fluorescence  of  Internalized  particles  remains  unaltered 
whereas  fluorescence  of  surface  bound  particles  is  quenched. 
This  method  was  in  fact  succesfully  employed  by  Bjerknes 
(1)  to  study  the  phagocytosis  of  Candida  albicans.  Our 
preliminary  results  would  indicate  that  this  method  might  be 
feasible  also  with  B. pertussis.  However,  technical  problems 
still  prevent  us  from  a  definitive  conclusion.  In  fact  a 
prolonged  Incubation  (  24  hrs)  with  fluorescein  causes 
bacterial  death  which  may  impair  a  correct  evaluation, 
whereas  a  short  term  incubation  with  fluorescein  (1-3  hrs) 
results  in  good  viability  but  in  a  low  degree  of  bacterial 
labeling  which  needs  signal  amplification  to  be  monitored. 

In  the  light  of  the  results  obtained,  we  could  speculate 
that  the  method  of  cell  lysates  is  not  completely 
satisfactory  to  discriminate  between  adhesion  and 
invasiveness  of  B. pertussis.  On  the  other  hand,  our 
preliminary  results  obtained  with  flow  cytometric 
fluorescence  technique  could  shed  light  on  a  better 
understanding  of  the  mechanism  underlying  the  pathogenicity 
of  B. pertussis. 
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INTRODUCTION 

Bordetella  pertussis,  the  ethiological  agent  of  whooping  cough, 
synthesizes  a  calmodulin-sensitive  adenylate  cyclase,  suspected  to  play 
a  major  role  in  the  virulence  of  this  bacterium  (4).  Recent  genetic  and 
biochemical  studies  established  that  the  protein  is  synthesized  as  a 
large  precursor;  the  catalytic  activity  resides  in  the  400  N-terminal 
amino  acids  (3).  The  C-terminal  part  of  the  protein  showed  striking 
similarities  with  the  Escherichia  coil  alpha-haemolysin,  and  it  has 
been  suggested  that  the  precursor  is  a  bifunctional  protein  carrying 
both  adenylate  cyclase  and  haemolytic  activities  (1).  However, 
adenylate  cyclase  isolated  from  culture  supernatants  was  shown  to  be  a 
43-50  kDa  protein  corresponding  to  the  N-terminal  part  of  the  cyaA  gene 
product  (2).  The  absence  of  haemolytic  activity  of  these  supernatants 
was  consistent  with  the  hypothesis  that  the  precursor  form  of  the 
protein  was  processed  and  the  haemolytic  activity,  linked  to  the  C- 
terminal  part  of  the  protein,  has  been  lost.  The  aim  of  this  study  was 
to  search  for  a  secreted,  high  molecular  weight  form,  of  adenylate 
cyclase  and  to  investigate  its  potential  haemolytic  activity. 


IDENTIFICATION  OF  A  200  kDa  ADENYLATE  CYCLASE  (AC  200)  IN  B.  PERTUSSIS 
CULTURE  SUPERNATANTS 

B.  pertussis,  grown  in  Stainer  and  Scholte  (SS)  medium  supplemented 
with  bovine  serum  albumin  secretes  a  200  kDa  polypeptide  endowed  with 
adenylate  cyclase  (AC)  activity;  this  high  molecular  weight  AC  is 
indistinguishable  from  the  Intracellular  AC,  as  evidenced  by  Western 
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blot  analysis.  Addition  of  calmodulin  to  the  SS  medium  resulted  in  an 
increase  of  the  extracellular  AC.  The  secreted  200  kOa  form  of  AC  could 
be  converted  to  the  45  kOa  form  by  limited  proteolytic  digestion.  These 
results  show  that  (i)  AC  is  secreted  as  a  200  kOa  protein,  and  (ii)  the 
45  kOa  form,  generally  found  in  culture  supernatants,  is  the  result  of 
proteolytic  cleavage  of  the  large  form. 


IN  VITRO  HAEMOLYTIC  ACTIVITY  OF  B.  PERTUSSIS  CULTURE  SUPERNATANTS 

Crude  supernatants  of  B.  pertussis  cultures  have  been  tested  for 
haemolytic  activity,  using  sheep  erythrocytes.  Only  culture 
supernatants  containing  the  200  kOa  form  of  AC  exhibited  haemolytic 
activity  which  was  Ca'*"'’,  dose-  and  time-dependent.  The  haemolytic 
activity,  but  not  AC  activity,  was  abolished  after  limited  proteolysis 
by  trypsin.  Western  blot  analysis  revealed  that  at  the  same  time  the 
200  kOa  AC  was  converted  into  43-50  kOa  protein  species,  indicating 
that  the  haemolytic  activity  was  correlated  with  the  integrity  of  the 
precursor.  This  is  consistent  with  the  previous  hypothesis,  based  on 
sequence  data,  according  to  which  the  C-terminal  part  of  the  precursor 
protein  carries  the  haemolytic  activity. 

In  summary,  these  data  demonstrate  that  the  cyaA  gene  product  of 
B.  pertussis,  is  secreted  as  a  200  kOa  protein,  and  show  that 
proteolytic  processing  of  the  intracellular  AC  is  not  a  prerequisite 
for  secretion,  as  was  previously  reported.  The  in  vitro  haemolytic 
activity,  found  exclusively  in  supernatants  containing  the  200  kOa  AC 
form  suggests  that  this  protein  may  be  endowed  with  both  AC  and 
haemolytic  activities.  Further  biochemical  characterization  of  the 
purified  200  kOa  form  of  AC  is  in  progress. 
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INTRODUCTION 

Studies  mainly  conducted  on  B.pertussis,  the  causative  agent  of  whooping  cough,  in 
humans,  have  led  to  identify  several  products  as  virulence  factor-  Among  those,  the 
filamentous  hemagglutinin  (FHA)  and  the  pertussis  toxin  (PTx)  are  considered  as 
major  determinants  of  pathogenesis  and  as  efficient  immunogens  (5).  However,  Weiss 
et  al  (6),  using  Tn5  induced  mutants  of  B,pertussis,  provided  the  first  evidence  that  an 
other  factor,  the  adenylate  cyclase  (AC)  plays  an  important  role  in  the  virulence  of 
this  bacterium. 

In  the  present  study,  we  show  by  using  B,pertussis  and  B.parapertusssis  (another 
human  pathogen  expressing  the  same  virulence  factors  as  B.pertussis  except  the  PTx 
II]  )  infections  of  mice,  that  AC  can  be  the  major  effector  in  the  pulmonary  cytopathic 
syndrome.  Furthermore,  active  immunizations  with  purified  AC  protect  mice  against 
B.pertussis  challenge. 


RESULTS  AND  DISCUSSION 
Is  Bordetelia  adenylate  cyclase  a  cytotoxin? 

Pathogenic  derivatives  of  B.pertussis  18323  Phase  I  (ATCC  9797)  and  B.parapertussis 
(CIP  63.2)  were  freshly  isolated  on  Bordet  Gengou  medium  supplement^  with  15% 
fiiul  defibrinated  horse  blood  (BGB)  from  lung  homogenates  of  mice,  infected  for  48 
hours,  by  intranasal  injection  (2)  with  either  one  of  these  strains.  Parental  as  well  as 
lung-passaged  derivative  of  B.parapertussis  induced,  after  intranasal  injection  of  mice, 
an  acute  edematous  hemorrhagic  alveolitis  (AEHA)  similar  to  the  AEHA  we  observed 
with  B.pertussis  (2).  Thus  B.parapertussis,  although  not  expressing  PTx  was  able  to 
evoke  pulmonary  lesions  analogous  to  those  observed  after  B.pertussis  challenge.  This 
result  suggests  that  PTx  may  only  play  a  minor  role  in  the  acute  pulmonary 
syndrome  observed  after  Bordetelia  infection. 
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As  shown  in  Table  I,  lung-passaged  derivatives  are  more  pathogenic  than  the  parental 
strains  (10  times  differences  in  the  LD50  for  B.perhissis  and  2  times  for 
B.parapertussis).  The  increase  in  pathogenicity  is  correlated  with  a  5  to  9  fold  increase 
in  the  amount  of  AC.  This  result  suggested  that  AC  could  be  the  main  cytotoxin 
responsible  for  the  AEHA.  However,  since  we  could  not  check  if  B.pertussis  and 
B.parapertussis  pathogenic  derivatives  produced  more  of  the  other  virulence  factors 
such  as  heat-labile  toxin  or  tracheal  cytotoxin,  we  decided  to  test  the  efficiency  of 
active  immunizations  of  mice  with  purified  AC  (3)  against  B.pertussis  lethal  challenge. 

Table  I:  AC,  PTx,  FHA  activities  and  pathogenicity  of  B.pertussis  and  B.parapertussis 
strains 


AC 

PTx* 

FHA* 

LDSO* 

U/ml 

No  of  bacteria/mouse 

BP18323 

20 

64 

4 

1.10  X  10*  ±  0.3 

BP18323S 

180 

250 

4 

0.09  X  !(/  ±  0.01 

BPP63.2 

5 

0 

64 

235  X  10*  ±  0.32 

BPP63.2S 

25 

0 

64 

1.20  X  l(f  ±  0.09 

'  AC  activities  were  measured  in  culture  supernatants  (1  unit  corresponds  to  Inmol  of  cAMP 
formed  per  min  at  30“C  at  pH8)  [3] 

’  Reciprocal  dilution  titer  of  culture  supernatant  producing  50%  clustering  in  the  CHO  cell 
dustering  test  (4] 

’  Redprocal  dilution  titer  of  end  point  dilution  of  bacterial  suspension  showing  disruption  of 
erythrocyte  settling 

*  Three  weeks  old,  female  Swiss  mice  were  infected  by  intranasal  injection  of  different 
bacterial  suspensions  in  a  volume  of  SOpl.  Bacterial  counts  from  the  inixmla  were  performed  by 
sampling  10-fold  serial  dilutions  on  BOB. 


Is  AC  a  protective  antigen  of  B.pertussis? 

AC  was  purified  from  B.pertussis  culture  supernatant  as  described  previously  (3).  The 
efficacy  of  active  immunization  with  pure  AC  was  evaluated  by  comparaison  to  whole 
cell  vaccine  in  mice  injected  subcutaneously  and  subsequently  challei  jed  by  intranasal 
infection  with  B.pertussis  pathogenic  derivative.  As  shown  in  Table  II,  a  80% 
protection,  against  lethal  respiratory  infection,  was  obtained  after  immunization  of  the 
mice  with  purified  AC,  a  protection  rate  which  was  equivalent  to  that  obtained  with 
the  classical  whole  cell  vaccine. 

TABLE  II  Active  immunizations  with  purified  AC  or  whole  cell  vaccine  against  lethal 
respiratory  infection 


GROUP 

ANTIGEN 

No  OF  MICE 

%  SURVIVAL 

AC 

VACCINE 

INOCULATED 

SURVIVORS 

(Hg/injection) 

(No  bact./injection) 

A  2 

- 

46 

37 

80 

B 

5  X  l(f 

30 

27 

90 

Control 

- 

50 

7 

14 

Three  weeks-old  Balb/c  mice  were  immunized  three  times,  at  one  week  interval,  with  purified 
AC  or  bacterial  suspension  heai?d,  20  minutes,  at  56°C,  complexed  w  th  aluminum  hydroxide. 
Two  weeks  after  the  last  injection,  lethal  challenge  was  pjerformed  by  intranasal  injection  of  10* 
bacteria  in  a  volume  of  50pl. 
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The  present  results  suggest  that  AC  is  the  primary  cytotoxin  responsible  fcr  the  acute 
pulmonary  lesions  after  respiratory  infection  ivith  B.pertussis  or  the  related  spt::r 
B.parapertussis  in  mice  and  is  a  protective  antigen  of  B.pertussis. 

Studies  are  now  undertaken  to  compare  the  protective  efficacy  of  AC  and  the  two 
other  major  virulence  factors  of  B.pertussis,  PTx  and  FHA  and  to  study  whether 
immunization  with  purified  AC  results  in  reduction  in  bacterial  colonization  or  only  ir. 
inhibition  of  AC  cytopathic  effects. 
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INTRODUCTION 

B.  pertussis  produces  an  adenylate  cyclase  (AC)  toxin  which  is  able  to 
enter  mammalian  cells  where  it  is  activated  by  calmodulin.  Previous  work 
(1)  achieved  efficient  expression  of  cloned  B.  pertussis  AC  in  E.  coli  to 
a  specific  activity  comparable  to  that  in  native  B.  pertussis.  Here  we 
report  invasive  aind  immunogenic  properties  of  AC  purified  from  E.  coli. 


MATERIALS  AND  METHODS 

Plasmids  pRMB3  and  pRMB9  encode  the  entire  AC  gene  and  2.6  kb  from  the  5' 
end  respectively  (1).  The  expression  of  AC  in  E.  coli  from  these 
plasmids  depended  on  the  lac  promoter  contained  in  the  vector.  All 
experimental  procedures  have  been  previously  described  (1,2). 


RESULTS  AND  DISCUSSION 


pRMB3  and  pRMB9  were  transformed  into  Lon”  E.  coli  H1469  to  minimise 
proteolytic  degradation  of  AC.  SDS-PAGE  followed  by  renaturation  of 
calmodulin-dependent  AC  activity  revealed  major  peaks  of  activity  at  94 
and  200  kDa  for  AC  purified  from  pRMB9  and  pRMB3  respectively  (Fig,  1). 

Fig.  1  Purified  AC  from 
E.  coli  pRMB9  (1  yg)  or 
pRMB3  (2  pg)  was 
subjected  to  SDS-PAGE 
together  with  molecular 

I  weight  standards .  The 

gel  was  cut  into  0.4  cm 
slices  and  protein  eluted 
and  assayed  for  AC 
activity  in  the  presence 
of  calmodulin. 
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The  200  kDa  protein  purified  from  E.  coli  (pRMB3)  migrated  on  SDS-PAGE  to 
an  identical  position  to  the  high  molecular  weight  AC  purified  from  B. 
pertussis,  but  was  unable  to  raise  the  intracellulaj^  cAMP  concentration 
of  S49  lymphoma  cells  (a  value  of  10.6  pmol  cAMP  10  cells  mg  protein 
was  obtained  for  the  penetrative  capacity  of  AC  purified  from  B. 
pertussis  165).  Expression  of  the  entire  AC  gene  in  E.  coli  was 
therefore  not  sufficient  to  produce  the  invasive  form  of  the  enzyme. 

Preliminary  evidence  (Table  1)  established  partial  protection  in  3  week 
old  mice  vaccinated  with  AC  (200  kDa)  purified  from  E.  coli  (pRMB3)  and 
challenged  intranasally  at  5  weeks.  No  protection  was  afforded  by  the  94 
kDa  protein  purified  from  E.  coli  (pRMB9),  which  lacked  the  C-terminal 
portion  of  AC. 

Table  1  Mouse  protection  with  B.  pertussis  AC  purified  from  E.  coli. 


Vaccine  preparation 


a 


Lungs  as  %  Mean  wt.  change  (g) 

body  wt.  t,S.D. )  days  0-14  post-challenge 


E.  coli  (lon)pRMB3  lOyg  2.1  (1.25)  +1.7 
E.  coli  (lon)pRMB9  lOyg  3.7  (0.9)  -0.1 
E.  coli  (lon)pRMB9  25yg  3.7  (1.3)  -0.3 
Whole  cell  B. pertussis  vaccine  1.2  (0.6)  +2.5 
Controls  :  not  challenged  0.7  (0.1)  +2.6 


Three  week  old  female  CD-I  mice,  randomised  in  groups  of  10,  were 
vaccinated  with  10  or  25  pg  per  mouse  of  AC  preparation  or  5  ou  ml  per 
mouse  for  the  whole  cell  vaccine.  Two^weeks  after  vaccination  the  mice 
were  challenged  intranasally  with  £  10  c.f.u.  B.  pertussis  18323,  Mice 
were  assessed  for  infection  two  weeks  after  challenge. 
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The  adenylate  cyclase  gene  of  Bacillus  anthracis,  encoding  the  edema 
factor  (EF),  a  component  of  anthrax  toxin,  has  been  cloned  and 
expressed  in  Escherichia  coli  (1).  Clones  were  selected  by  their 
capacity  to  complement  the  cyclase  deficiency  (cva~)  of  on  E.  coli 
strain  expressing  the  eukaryotic  protein  calmodulin,  an  essential 
activator  of  B,  anthracis  adenylate  cyclase.  The  protein  expressed  in 
E.  coli  was  shown  to  exhibit  adenylate  cyclase  activity  only  in  the 
presence  of  calmodulin. 

The  primary  structure  of  the  calmodulin-sensitive  adenylate  cyclase 
from  Bacillus  anthracis  has  been  determined  from  the  corresponding 
nucleotide  sequence  and  compared  to  that  of  the  homologous  toxin 
secreted  by  Bordetella  pertussis  (2,  3).  The  cya  gene  of  B.  anthracis 
encodes  an  800  amino  acid  (aa)  protein  beginning  with  an  N-terminal 
signal  peptide.  The  central  part  of  B.  anthracis  adenylate  cyclase 
includes  a  region  of  striking  homology  with  the  N-terminal  part  of  the 
B.  pertussis  enzyme.  In  this  region  a  particularly  well  conserved  24-aa 
peptide  and  two  other  less  similar  peptides  have  been  identified.  The 
first  17  amino  acids  of  the  conserved  24  aa  stretch  (situated  between 
residues  342-358  in  B.  anthracis  enzyme  and  between  residues  54-70  in 
B.  pertussis  adenylate  cyclase)  (Fig.  1)  contained  a  sequence  that 

resembled  the  generally  accepted  binding  site  for  ATP  (G - GKS).  It 

has  been  demonstrated  in  the  case  of  B.  pertussis  adenylate  cyclase 
that,  indeed,  this  region  is  part  of  the  active  centre  of  the  enzyme 
(4).  From  comparison  of  the  amino  acid  sequences  and  analysis  of 
truncated  proteins  we  can  therefore  confidently  infer  that  the  cognate 
site  is  also  involved  in  the  catalytic  site  of  B.  anthracis  adenylate 
cyclase. 


406  •  M.  Mock  et  al. 


54 


342, 


jGVATKGL 

GVATKGL 


|Gy  h;aK  S  S  DWoJ'’  pertussis. 


Ny  HpK  S  S  IB  ANTHR4CIS 


uJ 


R  I  I  LLGA  PGAibKp  T’® 
’®’K  I  G  L  Fjr^  A  G  vGkT  V'®^ 


CYCLASE 
ADENYLATE  KINASE  (ECOLI. 
ATP-ASE  (BOVINE  HEART. 
5SUBUNIT. 


Fig.  1.  Alignment  of  the  putative  polyphosphate-binding  site  of  B. 

anthracis  and  B.  pertussis  adenylate  cyclases  with  sequences 
belonging  to  well  characterized  ATP-binding  enzymes. 

Amino  acid  residues  are  represented  by  the  standard  one-letter  code. 


Antibodies  have  been  raised  against  two  synthetic  heptadecapeptides 
corresponding  to  the  B.  anthracis  and  B.  pertussis  sequences 
represented  in  Fig.  1.  The  anti-peptide  antibodies  specifically  reacted 
in  Western  blots  with  the  rat  brain  adenylate  cyclase  as  well  as  with 
the  two  bacterial  enzymes  (5).  In  addition  anti-rat  brain  adenylate 
cyclase  serum  contained  antibodies  which  were  retained  by  the 
immobilized  peptides.  The  corresponding  affinity-purified  antibodies 
yielded  the  same  recognition  pattern  of  the  eukaryotic  enzyme  as  did 
the  unfractionated  serum.  These  results  indicate  that  the  eukaryotic 
adenylate  cyclase  contains  an  epitope  closely  related  to  that  specified 
bj  the  CO. .served  becterinl  sequence  and  suggest  that  the  three  enzymes 
might  have  a  common  origin. 
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Basis  of  Macrophage  Sensitivity  and  Resistance  to  Anthrax  Lethai 
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INTRODUCTION 

The  two  anthrax  protein  exotoxins  share  a  common  B  or  binding 
protein.  Lethal  toxin  consists  of  the  B  protein,  protective 
antigen  (PA83,  83  kDa),  together  with  a  second  protein, 
lethal  factor  (LF,  83  kDa).  The  same  B  protein,  PA83, 
together  with  a  third  protein,  edema  factor  (EF,  89  kDa) 
comprises  the  edema  toxin.  EF  has  been  identified  as  an 
adenylate  cyclase  (2)  while  the  presumed  enzymatic  nature  of 
LF  remains  unknown.  Macrophages  are  uniquely  sensitive  to 
the  acute  cytolytic  effects  of  lethal  toxin  while  non¬ 
macrophage  cell  lines  are  resistant  (1;  Singh  et  al.,  in 
press).  We  now  show  that  some  macrophages  are  resistant  to 
lethal  toxin  and  report  our  studies  to  determine  the  basis  of 
this  resistance. 


MATERIALS  AND  METHODS 

Peritoneal  exudate  macrophages  cultured  from  C3H  or  A/J  mice 
were  analyzed  for  cytotoxicity  by  release  of  cellular  lactic 
dehydrogenase  or  inhibition  of  protein  synthesis.  Purified 
PA  and  LF  were  rad ioiod inated  by  standard  procedures.  Bind¬ 
ing  studies  were  analyzed  by  the  method  of  Scatchard.  The 
cAMP  response  to  edema  toxin  (PA  +  EF)  was  determined  by 
radioimmunoassay.  The  procedure  of  osmotic  lysis  of 
pinosomes  (4)  was  used  to  introduce  LF  directly  into  the 
cytosol . 


RESULTS  AND  DISCUSSION 

Peritoneal  macrophages  from  sensitive  C3H  mice  were  lysed  by 
LF  at  a  concentration  of  0.001  ug/ml  in  the  presence  of 
excess  PA,  while  macrophages  from  A/J  mice  were  resistant  to 


408  •  A.  Friedlander  et  al. 


LF  at  10  ug/ml.  To  determine  the  basis  for  this  resistance 
we  analyzed  the  various  stages  in  the  intoxication  process. 

PA  binds  to  a  single  class  of  high-affinity,  cell-surface 
receptors.  The  PA  receptor  on  both  sensitive  C3H  and 
resistant  A/J  cells  has  the  same  affinity  =  0.5-0. 6  nM) 
and  number  of  binding  sites  per  cell  (25,000-33,000). 

After  PA  binding,  proteolytic  activation  by  a  cell-surface 
protease  converts  PA83  to  a  63-kDa  species,  generating  a  site 
on  PA  to  which  LF  or  EF  bind  (3).  Proteolytic  activation  of 
PA83  was  normal  in  the  resistant  A/J  macrophages  and  LF 
receptors  generated  were  identical  in  sensitive  and  resistant 
cells.  Thus,  resistance  was  not  due  to  a  defect  in  toxin 
binding. 

The  resistant  A/J  macrophages  were  not  cross-resistant  to 
other  toxins,  such  as  Pseudomonas  exotoxin  A,  modeccin,  and  a 
transferr in-CRM  107  conjugate.  However,  they  were  relatively 
resistant  to  edema  toxin  (PA  +  EF),  suggesting  a  defect 
common  to  both  LF  and  EF.  To  determine  whether  LF  resistance 
could  be  due  to  a  defect  in  the  internalization  or 
translocation  of  toxin,  we  introduced  LF,  in  the  absence  of 
PA,  directly  into  the  cytosol,  using  the  method  of  osmotic 
lysis  of  pinosomes.  LF  was  cytotoxic  for  the  sensitive  C3H 
macrophage,  showing  that  LF  itself,  possesses  toxic 
activity.  The  A/J  macrophage,  however,  remained  resistant. 
These  results  suggest  that  resistance  is  not  due  to  a  defect 
in  internalization  alone.  A/J  macrophages  may  be  defective 
at  a  stage,  common  to  both  LF  and  EF,  involving  further 
processing  or  activation  in  the  cytosol  or  within  vesicles 
(which  may  also  occur  in  pinosomes).  It  is  also  possible 
that  resistant  cells  lack  the  putative  LF  target  and  are 
defective  at  more  than  one  stage  of  the  intoxication  process. 
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ABSTRACT 

Group  A  streptoccoccal  strains  were  isolated  from  the  throat  of  46 
children  suffering  from  scarlet  fever.  For  detection  of  erythrogenic 
toxins  (ET)  the  culture  filtrates  were  concentrated  100  times  by 
ethanol  precipitation,  ET  type  A  (ETA)  was  identified  by  ELISA 
(detection  limit  0.5  ng/ml).  The  ETA  gene  was  identified  by  a  specific 
DNA  probe. 

ET  type  B  (ETB)  and  ET  type  C  (ETC)  were  detected  by  immuno 
precipitation  (detection  limit  5u  ng/ml).  ETA  alone  or  in  combination 
with  B  and/or  C  was  found  in  51.9%  of  the  strains,  ETB  (alone  or  in 
combination  wich  A  and/or  C)  in  75.9%,  ETC  (in  combination  with  A  and/or 
B)  in  28.9%.  During  the  time  of  observation  (21  days  after  the  onset  of 
the  disease),  one  third  of  the  children  developed  antibodies  to  SLO  and 
DNase  B;  45%  developed  antibodies  to  erythrogenic  toxins. 


INTRODUCTION 

At  the  end  of  the  last  century,  scarlet  fever  mortality  was  very  high. 
The  steady  fall  in  mortality  began  long  before  an  effective  therapeutic 
treatment  was  Introduced.  Nowadays,  scarlet  fever  is  characterized  by  a 
mild  course,  but  the  disease  is  still  common  (5).  The  erythrogenic 
toxins  (ET)  enact  an  important  part  in  the  pathogenesis  of  scarlet 
fever.  There  are  at  least  3  types  of  erythrogenic  toxins,  type  A  (26 
kD),  type  B  (30  kD)  and  type  C  (25  kD)  (1,  2). 
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MATERIALS  AND  METHODS 

Patients:  46  children  (3  to  11  years),  suffering  from  scarlet  fever. 
Sera  were  taken  on  day  3,  10  and  21  of  hospitalisation.  Streptococcal 
strains  were  isolated  from  throat  swabs.  The  streptococci  belonged  to 
20  different  types  of  M  and  T  proteins.  The  ETs  determined  in  100-fold 
concentrated  culture  filtrates  (CF)  after  ethanol  precipitation.  The 
detection  of  the  ETA  gene  was  done  by  hybridization  with  a  specific  DNA 
probe.  ETA  was  detected  by  ELISA,  ETB  and  ETC  by  immunoprecipitation 
with  monospecific  antisera.  Antibodies  to  streptolysin  0,  deoxyribo¬ 
nuclease  B  and  ETs  were  titrated. 


RESULTS  AND  DISCUSSSION 

The  erythroger.ic  toxin  types,  detected  in  the  CF  of  scarlet  fever 
strains  are  summarized  in  Table  1 . 

Table  1  Percentage  of  ET  positive  streptococcal  strains 


n 

A 

B  C 

AB  AC 

ABC 

B 

Negative 

Mean 

amount  of 
ETA 

52 

17.3 

28.8  no 

19.2  no 

15.4 

13.5 

5.8 

0.88 

ng/ml 

The  amount  of  ETA  produced  by  the  strains  was  relatively  low:  0.88 
ng/ml.  Streptococcal  strains  isolated  in  GDR  during  scarlet  fever 
epidemics  in  1972  and  1982  produced  in  average  67.9  and  7.9  ng/ml, 
respectively.  In  the  time  of  observation  (1961-1968),  the  amont  of  ETA 
produced  declined  and  also  the  percentage  of  strains  producing  ETA.  The 
percentage  of  streptococcal  strains  producing  ETB  increased 
significantly:  74.2%  of  strains  isolated  during  the  outbreak  1988/89  in 
GDR  found  to  be  positive.  Similar  trends  have  been  reported  (3). 

The  antibody  response  of  children  is  shown  in  Table  2. 


Table  2  .  Antibody  reactions  in  scarlet  fever  patients 


n 

Positive 

Percentage 

AntiDNase  B 

83 

29 

35 

ASO 

83 

26 

31 

Anti  ET  (ELISA) 

83 

37 

35 

The  pathogenic  mechanism  of  erythrogenic  toxins  in  inducing 
scarlatiniform  rash  remains  still  unclear,  but  other  signs  of  the 
disease,  e.g.  fever,  can  be  explained  by  the  production  of  IL-1  and  TNF^ 
The  interaction  of  erythrogenic  toxins  with  the  immune  cells  of  the 
host  with  subsequent  abnormal  regulation  of  mediator  production  may 
lead  to  the  scarlet  fever  symptoms.  Antibodies  to  erythrogenic  toxins 
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were  found  to  be  protective  in  an  experitnental  model  in  rabbits  (4). 


REFERENCES 

1.  Gerlach,  D.,  Kohler,  W. ,  Knoll,  H.,  Moravek,  L.,  Weeks,  C.R.  and 
Ferretti,  J.J,  (1987).  Purification  and  characterization  of 
Streptococcus  pyogenes  erythrogenic  toxin  type  A  produced  by  a 
cloned  gene  in  Streptococcus  sanguis.  Zbl.  Bakt.  Hyg.  A.  266.  347- 
358. 

2.  Gerlach,  D.,  Knoll,  H.,  Kohler,  W,,  Ozegowski,  J.H.  and  Hribalova, 
V,  (1983).  Isolation  and  characterization  of  erythrogenic  toxins.  V; 
Identity  of  erythrogenic  toxin  type  B  and  streptococcal  proteinase 
proenzyme.  Zbl.  Bakt.  Hyg.  A.  255.  221-233. 

3.  Hallas,  G.  (1985).  The  production  of  pyrogenic  exotoxins  by  group  A 
streptococci.  Hyg.  Camb.  95,  47-57. 

4.  Knoll,  H.,  Holm,  S.E.,  Gerlach  D.,  Ozegowski,  J.H.  and  Kohler,  W. 
(1938).  Tissue  cages  for  study  of  experimental  streptococcal 
infection.  Ill;  Influence  of  immunization  with  erythrogenic  toxin 
type  A  and  its  toxoid  on  subsequent  infection  with  an  ETA  producing 
strain.  Zbl.  Bakt.  Hyg.  A,  269,  366-376. 

5.  Kohler,  W.,  Gerlach,  D.  and  Knoll,  H.  (1987).  Streptococcal 
outbreaks  and  erythrogenic  toxin  type  A.  Zbl.  3alt.  Hyg.  A.  266. 
104-115. 


nappuoli  et  al.  (Eds  ).  Bacterial  Protein  Toxins.  ZbI.  Bakt.  Suppl.  19 
<■  Gustav  Fischer,  Stuttgart,  New  York,  1990 


413 


Partial  Characterization  of  Highly  Toxic  Group  A  Streptococcal 
Strains 


W.  Kohler’,  H.  Knoll’,  D.  Gerlach’,  S.E.  Holm^  and  J.E.  Alouf^ 

’Central  Institute  of  Microbiology  and  Experimental  Therapy,  Jena,  GDR 

^Department  of  Clinical  Bacteriolocy,  University  of  Umea,  Sweden 

HJnit6  des  Antigfenes  Bacf6riens  (CNRS  URA  0557),  Institut  Pasteur,  75724  Paris  Cedex  15, 

France 


ABSTRACT 

Streptococcus  pyogenes  type  1  strains  were  isolated  from  17  patients 
suffering  from  a  toxic  shock-like  syndrome,  9  of  them  died.  All  strains 
contained  the  gene  for  erythrogenic  toxin  A  (ETA),  but  the  amount  of  ETA 
elaborated  in  vitro,  is  low  (mean  value  1.8  ng/ml).  Sixteen  strains 
produced  ETB  and  15  ETC.  The  LD50  of  the  strains  was  not  different  from 
"nontoxic"  strains. 


INTRODUCTION 

The  history  of  scarlet  fever  remains,  that  a  single  disease  can  appear 
in  various  syndromes.  Scarlet  fever  could  occur  as  a  mild  disease  with 
sore  throat  or  it  could  be  associated  with  sepsis  and  shock,  formerly 
named  as  septic  or  toxic  scarlet  fever.  Cases  of  septic  scarlet  fever 
used  to  carry  a  grave  prognosis,  but  such  cases  were  extremely  seldom  in 
the  antibiotic  era. 

Cases  of  staphylococcal  toxic  shock  syndrome  and  recently  of 
streptococcal  toxic  shock  syndrome  reawakened  the  interest  in  the 
relationship  between  the  toxlrs  of  S.  aureus  and  S.  pyogenes. 
Similarities  in  biological  activities  of  TSST-1  and  erythrogenic 
toxins,  e.g.  mitogenicity ,  pyrogenicity ,  induction  of  interferon  Y*  IL- 
1  and  TNFc<(l,3,5)  led  to  the  conclusion,  that  staphylococcal  and 
streptococcal  toxic  diseases  are  related. 
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MATERIAL  AND  METHODS 

Patients:  Seventeen  patients  (2  from  France,  1  from  GDR  and  14  from 
Sweden)  attended  the  hospital  with  a  toxic  shock-like  syndrome. 

S.  pyogenes  was  isolated  from  blood  cultures,  except  for  one  patient 
(no  culture). 

For  determination  of  erythrogenic  toxins,  streptococcal  strains  were 
cultivated  in  Todd-Hewitt  broth,  the  supernatant  was  precipitated  with 
ethanol  at  -20®C  and  dissolved  in  citrate  buffer,  pH  4.2  (concentration 
factor  75).  ETA  was  identified  by  ELISA,  ETB  and  C  by 
immunoprecipitation  and  immunoblotting.  ETA  gene  detection  was 
performed  with  a  specific  DNA  probe. 


RESULTS  AND  DISCUSSION 

All  streptococcal  strains  were  identified  as  M  type  1.  Strains  of  this 
type  seem  to  possess  a  highly  invasive  power  for  a  suceptible  host  and 
caused  the  most  deaths  by  S.  pyogenes  in  the  last  9  years  (2). 

Table  1 

Characteristics  of  streptococcal  strains  Isolated  from  toxic  shock-like 
syndrome 


n  M  type  1  ETA  Detection  of  erythrogenic  toxin  in  culture 
gene  filtrate  concentrate 

ETA  ETB  ETC  Average  amount  of  ETA 


17  17  17  14  16  15  1.8  ng/ml 


The  LD50  of  the  highly  human  virulent  streptococcal  strains  was 
comparable  with  that  of  other  streptococcal  isolates.  LD50  after  i.p. 
challenge  was  approximately  5  x  10”.  TNF  was  induced  with  the 
supernatant  of  both  strains  from  France,  but  not  with  the  culture 
filtrate  of  a  type  3  strain  (S84).  The  clinical  symptoms:  fever,  shock, 
renal  failure  were  accompanied  by  septicaemia  (except  one  case). 
Bacterlaemia  does  not  belong  to  the  diagnostic  criteria  of  the 
classical  staphylococcal  toxic  shock  syndrome,  but  the  symptoms  of  the 
reported  streptococcal  toxic  shock  syndrome  are  more  likely  explainable 
by  a  toxic  than  by  an  solely  invasive  reaction. 

Even  under  a  prompt  antibiotic  therapy,  9  out  of  17  patients  died.  It 
should  be  noted,  that  an  additional  therapy  with  a  powerful  antitoxic 
serum  may  keep  the  patients  alive. 
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Introduction 

Bacillus  cereus  is  an  aetiological  agent  of  two  forms  of  food  poisoning  and  severe  non* 
gastrointestinal  infections  (7).  Various  extrace jlular  factors  such  as  necrotizing/diarrhoeal 
enterotoxin,  and  emetic  toxin  produced  by  B.cereus  were  attributed  in  the  pathogenesis 
(5,  7).  Furthermore,  the  pathologic  role,  if  any,  of  cereolysin,  protease(s)  and  phospho- 
Iipase*C  complex  is  still  not  known  (5).  Sporeforming  and  psychotrophic  properties  en* 
able  B.cereus  to  survive  pasteurization,  as  well  as  to  grow  in  milk  at  low  temperatures.  The 
toxin  produdng  ability  of  B.cereus  in  milk  under  different  dairy  processing  and  storage 
conditions  is  not  known.  We  have  recently  reported  the  ability  of  B.cereus  dairy  isolates 
to  produce  cytotoxins  at  SPC  (1).  We  have  further  investigated  the  biological  properties 
of  such  cytotoxins  produced  at  low  temperatures. 


Materials  and  Methods 

B.cereus  strains  were  grown  in  brain  heart  infusion  broth  containing  0.1%  glucose  (BHIG), 
pH  8.0,  with  aeration  and  harvested  according  to  the  optimal  conditions  described  by  Glatz 
and  Goepfert  for  enterotoxin  production  (3).  Strains  were  grown  in  skim  milk  at  30°C  and 
8°C  (after  acclimatization)  and  tested  for  cytotoxin  production  (1).  In  vitro  cytotoxicity  ex¬ 
periments  on  HeLa  S3,  Vero  and  human  embryonic  lung  (HEL)  cell  monolayers,  and  vas¬ 
cular  permeability  reaction  tests  in  rabbit  skin  were  performed  (1,2). 
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Table  1.  Cytotoxin  production  by  Bacillus  cereus  In  milk  at  8°C 

Cytotoxicity 

Cell  monolayer 

Positive 

Weak 

Negative 

No.% 

No.% 

No.% 

HeLa 

31  (12.7) 

39  (38.2) 

32(31.4) 

Vero 

63(61.8) 

14  (13.7) 

25  (24.5) 

HEL 

75  (73.5) 

19  (18.6) 

8(7.8) 

A  total  of  102  strains  positive  for  extracellular  toxins  at  30°C  in  milk  were 
acclimatized  to  8°C  before  testing  for  cytotoxin  production.  All  strains  were 
inoculated  as  1  per  cent  inoculum  in  milk  and  incubated  with  constant  shaking 

(200  rpm)  for  72  h. 

Results 

A  total  of  136  strains  of  B.cereus  isolated  from  milk  and  cream  were  evaluated  for  toxin 
production  based  on  HeLa  S3,  Vero  and  HEL  cell  cytotoxicity  in  vitro.  HEL  cell  mono¬ 
layers  were  more  susceptible  to  B.cereus  toxins  compared  to  HeLa  and  Vero  cell  lines. 
The  percentage  of  isolates  exhibiting  HEL  cytotoxicity  was  similar  (43.0  and  48.4%)  in 
BHIG  growth  conditions  at  7  and  24  h  harvest  time.  In  milk  at  30°C  growth  temperature, 
only  21.8%  strains  showed  a  HEL  cytotoxicity  at  7  h,  however  a  larger  number  of  strains 
demonstrated  cytotoxin  production  (73.2%)  at  24  h  har/est  time.  Further,  a  102  toxin  posi¬ 
tive  isolates  were  acclimatized  to  grow  at  8°C  in  milk.  Ninety  four  (92.2%)  of  the  strains 
produced  HEL  cytotoxicity  of  varying  degree  (Table  1)  with  no  strict  correlation  to  bac¬ 
terial  cell  numbers  and  also  elicited  vascular  permeability  reaction  (VPR)  in  rabbit  skin. 
Laboratory  reference  strains  4433/73  (enterotoxin  positive)  and  4810/72  (emetic  toxin 
positive)  failed  to  multiply  or  demonstrate  cytotoxicity  at  low  temperatures. 

Histopathological  effects  of  B.cereus  cytotoxins  in  rabbit  skin  during  vascular  permeability 
reaction  were  studied.  Bacterial  free  culture  supernatants  were  tested  for  VPR.  Crude 
enterotoxin  (from  strain  4433/73  grown  in  BHIG)  elicited  a  distinct  VP  reaction  in  the  rab¬ 
bit  skin  with  pronounced  oedema  in  the  deep  subcutaneous  tissue  with  fresh  thrombi  in 
dilated  venules.  Total  necrosis  of  the  panniculus  carnosus  (muscle  layer)  was  distinct  with 
a  scarce  infiltration  of  polymorphonuclear  (PMN)  cells  at  the  necrotic  zone.  Milk  induced 
cytotoxin  (dairy  isolate  BC-131),  produced  at  low  temperature,  showed  rather  pronounced 
oedema  with  distinct  infiltration  of  PMN  cells  in  deep  subcutis.  Slight  degenerative  changes 
in  the  superficial  part  of  panniculus  carnosus  with  certain  degree  of  PMNs  infiltration  was 
evident.  Control  reaction  with  skim  milk  showed  no  significant  histological  changes,  ex¬ 
cept,  moderate  infiltration  of  PMNs  was  observed.  The  tissue  trauma  elicited  by  milk  in¬ 
duced  cytotoxin  is  shown  in  Figure  1.  Our  preliminary  data  also  suggests  that  this  milk 
induced  cytotoxin  of  B.cereus  is  distinct  from  emetic  toxin  and  hemolysin. 
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Figure  1.  Scanning  electron  microscopy  of  rabbit  skin  showing  connective  and 
vascular  tissue:  Intact  in  negative  control  (Top);  degenerative  changes  caused 
by  milk  induced  B.  cereus  cytotoxin  produced  at  8°C  (Bottom). 
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Discussion 

Though  B.cereus  occur  in  milk  at  a  high  frequency,  the  reports  on  milk  borne  toxicosis  are 
few  (6).  We  have  demonstrated  the  ability  of  B.cereus  to  produce  toxins  at  storage 
temperatures.  Unlike  diarrhoeagenic,  necrotic  and  emetic  toxins  the  milk  induced  cyto- 
toxins  did  not  show  severe  pathobiological  effects.  The  ability  of  these  toxins  to  destroy 
the  subcutaneous  tissue  matrix  is  however,  interesting.  Such  condition  may  possibly  allow 
specific  interaction  of  the  gut  microbial  flora  with  connective  tissue  matrix  components 
such  as  collagens  and  amplify  the  adhesion  and  colonization.  B.cereus  has  also  been  im¬ 
plicated  as  a  pathogen  of  bovine  intramammary  infections,  giving  rise  to  increased  somatic 
cell  counts  (mainly  PMNs)  in  mastitic  milk  (4).  Contact  of  bacterial  pathogen  with  milk  in 
the  bovine  udder  has  been  argued  as  an  important  event  in  the  pathogenesis  of  bovine 
mastitis.  Our  preliminary  data  suggests  that  milk  induced  toxins  were  highly  chemotactic 
to  PMNs  compared  to  other  toxic  factors  described  in  B.cereus. 
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INTRODUCTION 

Listeria  IvanovU  (formerly  L.monocytogenes  serotype  5)  Is  a  gram  positive 
bacterium  pathogenic  for  animals  .  Most  probably  an  extracellular  cytolytic 
protein  called  listeriolysin  O  is  involved  in  pathogenicity  of  L.lvanovU  as 
shown  for  the  listeriolysin  O  (LLO)  of  L.monocytogenes  (2,3  ).  It  has  been 
shown  recently  that  both  llsteriolysins  O  differ  at  least  in  their 
amlnoterminal  amino  acid  sequence,  but  cross  react  immunological ly  using 
polyclonal  antl-listeriolysin  O  serum  (1).  To  compare  the  two  cytotysins 
on  a  molecular  genetic  level,  we  are  attempting  to  Isolate  the  LLO  gene 
from  L.lvanovU  by  molecular  cloning  in  E.coli. 


MATERIALS  AND  METHODS 

A  library  of  chromosomal  DNA  of  L.  ivanovU  has  been  established  in 
E.  coll  DHSalpha.  Chromosomal  DNA  was  partially  digested  using  Sau3A 
and  resulting  DNA  fragments  were  ligated  into  the  compatible  BamHI  site 
of  the  plasmid  pTZ19R  following  standard  procedures. 

An  internal  651bp  Hlndlll  fragment  of  the  listeriolysin  O  gene  Isolated 
from  L.  monocytogenes  Svl/2a  (pLM47)  has  been  used  as  a  DNA  probe  to 
detect  recombinant  E.  coll  clones  bearing  the  homologous  part  of  the 
LLO  gene  of  L.  IvanovU  (2,3) .  Screening  has  been  accomplished  by  DNA 
colony  blot  analysis.  Under  the  conditions  used  only  one  Hlndlll  fragment 
of  L.lvanovU  chromosomal  DNA  (l.Tkbp)  has  been  shown  to  hybridize  with 
this  DNA  probe. 
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RESULTS  AND  DISCUSSION 

Of  6,500  recombinant  E.  coll  clones  Investigated  two  have  been  Identified 
which  both  react  with  the  DNA  probe  and  also  produce  proteins  which 
can  be  detected  by  Westem-Blot  analysis  using  polyclonal  antiserum 
raised  against  denatured  L.ivanovli  LLO. 

The  inserted  DNA  in  the  clone  bearing  the  plasmid  pAHAlO  is  approximately 
2.6kbp  in  length,  the  one  in  pAKAll  has  a  molecular  weight  of 
approximately  1.4kbp.  The  corresponding  proteins  detected  by  Western  blot- 
analysis  have  molecular  weights  of  47kDa  and  44kDa  ,  respectively. 

DNA/DNA-hybrldization  experiments  using  Hlndlll/EcoRl  fragments  of  the 
DNA  inserted  in  pAHAlO  and  pAHAtl  revealed  that  both  plasmid  inserts 
are  homologous  to  a  1.7kbp  EcoRI  fragment  of  L.ivanovli  chromosomal 
DNA  as  well  as  to  a  2.4kbp  Hlndlll  fragment  of  L.seeligerl  chromosomal 
DNA.  Fragments  of  the  same  molecular  weight  hybridize  when  the  Hindlll 
DNA  probe  of  pLM47  la  being  used.  In  pAHAlO,  a  clear  DNA  sequence 
homology  to  the  410bp  Hlndlll  fragment  of  pLM47  is  also  present.  No 
homology  of  the  inserted  Listeria  DNA  to  L.  innocua  chromosomal  DNA 
(does  not  produce  a  LLO)  could  be  detected  under  the  conditions  used. 
Furthermore,  it  could  be  shown  by  restriction  analysis  and  DNA/DNA 
hybridization  studies  that  both  recombinant  plasmids  (pAHAlO  and  pAHAll) 
have  an  overlapping  DNA  sequence  in  common. 

The  data  presented  above  indicate  that  most  probably  fragments  of  the 
llsteriolysin  O  gene  from  L.ivanovli  have  been  cloned  in  E.coll  DHSalpha. 
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INTRODUCTION 

Listeria  ivanovii  (formerly  classified  as  Listeria  monocyto¬ 
genes  Sv5b)  is  clearly  distinct  from  L.  monocytogenes  based 
on  biochemical  and  serological  characteristics.  Interestingly 
this  species  is  pathogenic  for  some  animals  but  only  mildly 
pathogenic  (if  at  all)  for  man,  though  it  exhibits  a  pro¬ 
nounced  hemolysis  on  blood  agar  plates.  This  hemolytic  pheno¬ 
type  is  at  least  partially  caused  by  the  synthesis  and  sec¬ 
retion  of  a  SH-activated  cytolysin,  which  has  been  character¬ 
ized  and  hiS  several  properties  in  common  with  listeriolysin 
0  from  L,  monocytogenes  (1).  There  is  good  evidence  that 
listeriolysin  0  is  an  important  virulence  factor  of  patho¬ 
genic  Listeriae  (2).  Apparently  L.  ivanovii  produces  a  second 
hemolytic  activity  which  might  be  related  to  the  CAMP-pheno- 
menon  observed  with  L.  ivanovii  and  Rhodococcus  equi  (3).  In 
addition  to  listeriolysin  0  in  culture  supernatants  of  L. 
ivanovii  a  protein  of  Mr  24KD  is  found  in  large  amounts,  the 
role  of  which  still  has  to  be  determined. 


MATFKIALS  AND  METHODS 

L.  ivanovii  ( ATCC  19119,  SLCC  2379)  and  R.  equi  ( NCTC  1621) 
were  from  the  Institute  of  Hygiene  and  Microbiology,  L.  mono- 
cy  ogenes  BM4140  (with  Tnl545)  was  donated  by  P.  Courvalin 
(Paris).  Bacteria  were  grown  in  brain  heart  infusion  broth 
(BHI,  Gibco).  Filter  matings  for  transposon  mutagenesis  were 
done  as  previously  described  (4).  SDS-PAGE  of  TCA-precipitated 
proteins  and  immunoblotting  was  performed  by  standard  proced¬ 
ures,  as  well  as  Southren  hybridizations.  In  enzymatic  tests 
for  sphingomyelinase  and  phospholipase  the  substrate  analogues 
TNPAL-sphingomyel in  and  p-nitrophenyl-phosphorylcholine, 
respectively,  have  been  used  (5,6). 
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RESULTS  AND  DISCUSSION 

L.  ivanovii  was  successfully  mutagenized  by  filter  mating  with 
L.  monocytogenes  BM  4140  carrying  the  conjugative  transposon 
Tnl545  on  its  chromosome;  screening  of  the  recipient  bacteria 
for  an  altered  phenotype  yielded  five  mutants  among  3000 
transcon jugants .  These  mutants  have  been  analyzed  for  their 
hemolytic  and  phospholipolytic  phenotype  and  their  behaviour 
in  the  CAMP-test  with  R.  equi .  SDS-PAGE  of  supernatant  and 
total  cell  proteins,  immunoblotting  with  antisera  against 
listeriolysin  0  and  the  24  KD  protein  and  enzymatic  tests  for 
extracellular  sphingomyelinase  (Smase)  and  phospholipase  C 
(Plase)  were  performed.  Some  of  the  results  of  this  analysis 
are  summarized  in  the  following  table: 


Strain 

WT 

20/24 

8/6 

44/2 

Listeriolysin 

+ 

- 

- 

+ 

24  KD  protein 

+ 

+ 

- 

- 

Smase 

+ 

+ 

- 

Plase 

+ 

+ 

- 

CAMP 

+ 

+ 

+ 

- 

This  analysis  showed  that  i)  listeriolysin  O  production  is  in¬ 
deed  only  partially  responsible  for  the  hemolytic  phenotype 
of  L.  ivanovii,  ii)  the  transposon  mutants  are  not  transport- 
deficient  and  iii)  most  presumably  Smase  is  responsible  for 
the  CAMP-effect.  Furthermore  a  region  5' -upstream  of  the 
listeriolysin  0  gene  from  L.  ivanovii  has  been  cloned  (data 
not  shown)  and  will  be  further  analyzed. 
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INTRODUCTION 

Strains  of  Listeria  monocytogenes  are  known  to  produce  an  extracellular 
lipolytic  activity  producing  a  zone  of  opalescence  in  yolk-egg  agar  or 
lecithovitellin  (6).  Clearly,  this  enzyme  is  distinct  from 
llsteriolysln  0  (2).  Several  reports  suggest  that  the  extracellular 
lipolytic  activity  released  in  culture  supernatant  might  be  due  to  a 
phospholipase  C  (4).  However,  the  enzyme  has  not  yet  been  purified  and 
characterized.  This  was  achieved  in  the  present  study.  The  lipolytic 
enzymes  secreted  by  L.  monocytogenes  and  L.  ivanovii  were  purified  and 
characterized  as  Ca'^-independent  phospholipase  C  (PLC). 


MATERIALS  AND  METHODS 
Bacterial  Strains 

We  used  strain  EGD-SmR  of  L.  monocytogenes  previously  described  (1)  and 
L.  ivanovii  CIP  7842T. 

Purification  Procedure 

L.  monocytogenes  was  grown  on  charcoal-treated  broth  and  L.  ivanovii  on 
proteose  peptone  N®3,  yeast  extract,  as  previously  described  (3). 
Culture  supernatants  concentrated  on  Pelikon  system  with  a  membrane 
cut-off  10  kD  and  equilibrated  in  Trls  buffer,  0.075  M  pH  7.5,  were 
applied  to  DEAE  52  (Whatman)  column  in  the  same  buffer,  after  which  the 
lipolytic  fractions  were  applied  on  Blogel  PiOO  (Biorad),  equllibated 
in  PBS  pH  6.8.  3DS-PAGE  of  proteins  and  Western-blot  analysis  were  made 
as  described  in  (3). 

Other  Methods 

Phospholipase  C  activity  was  titrated  turbldlmetrically .  The  hemolytic 
assay  was  made  in  microtiter  plates.  TLC  was  made  according  to 
Marrlnetti  (5).  Silica  gel  was  stained  by  iodine  vapour. 
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RESULTS 

1)  Purification  of  Lipolytic  Enzymes  from  Culture  Supernatant  of  L. 
monocytogenes  and  L.  ivanovii 

The  purification  was  achieved  in  a  three-step  procedure.  Concentrated 
supernatants  in  Tris  buffer  were  applied  to  DEAE-52  column.  The 
unretained  fractions  containing  90%  of  the  lipolytic  activity  were 
pooled,  concentrated  and  passed  through  a  Biogel  PlOO  column.  The 
lipolytic  activity  peak  was  again  applied  to  a  second  Biogel  PlOO 
column,  thus  yielding  a  pure  28-29  kD  protein  in  the  case  of  L. 
monocytogenes.  With  regard  to  L.  ivanovii  we  obtained  a  highly  enriched 
26  kD  lipolytic  protein,  contaminated  with  a  43  kD  protein,  in  spite  of 
ultrafiltation  through  Amicon-PM  30. 

2)  Characterization  of  the  Enzymes 

The  two  enzymes  were  characterized  as  PLC  by  TLC  using  pure  lecithin  as 
substrate.  These  enzymes  expressed  a  weak  sphingomyelinase  activity. 
Using  a  specific  rabbit  antiserum  raised  against  PLC  from  L. 
monocytogenes,  we  could  not  detect  any  cross-reaction  with  PLC  from  L. 
ivanovii,  C.  perfringens  and  B.  cereus,  as  shown  by  Western  blot 
analysis.  These  enzymes  were  Ca"*^-independent  and  displayed  a  weak 
cytolytic  activity  against  red  blood  cells  containing  high  amounts  of 
lecithin  (guinea  pig,  rabbit,  horse,  human).  Sheep  red  blood  cells  were 
resistant  to  these  phospholipases.  However  this  hemolytic  activity  is 
slowly  expressed  in  vitro,  requiring  an  18  h  incubation  at  37°C. 


CONCLUSION 

These  results  show  that  the  phospholipases  C  from  L.  monocytogenes  and 
L.  ivanovii  are  most  likely  heterogenous,  in  contrast  to  the  thiol 
activated  toxins  produced  by  the  hemolytic  species  of  Listeria  (3). 
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The  Panton-Valentine  leucocidin  of  Staphylococcus  aureus  (S.  aureus)  is  an  exo¬ 
toxin  which  has  a  cytopathogenic  effect  on  monocytes,  macrophages  and 
polymorphonuclear  (PMN)  cells  only.  Its  biological  activity  is  known  to  require 
two  components  inactive  separately,  but  capable  of  acting  synergistically  (3,4). 
The  leucocidin  mechanism  of  action  is  not  elucidated  so  far,  and  the  role  of  this 
toxin  as  a  virulence  factor  has  yet  to  be  determined.  The  aim  of  this  work  was 
to  purify  the  two  components  of  leucocidin  from  Vg  strain  and  screen  for  other 
strains  producing  Vg-like  leucocidin. 

The  Vg  strain  was  cultivated  in  liquid  CCY  medium  (4).  The  proteins  were 
obtained  by  70  %  ammonium  sulphate  precipitation  and  cation  exchange 
chromatography  (FPLC,  Pharmacia).  The  yields  of  purified  F  and  S  components 
were  60  %  and  6  mg  of  each  protein  were  obtained  from  1  litre  of  culture 
supemate.  The  specific  activity  of  the  mixed  components  was  about  forty  times 
that  of  the  supernatant.  The  F  component  (Mr  38  kd,  pi  9.2)  and  the  S 
component  (Mr  32  kd,  pi  8.8)  were  more  than  95  %  pure  as  estimated  by  SDS- 
polyacrylamide  gel  electrophoresis.  Each  protein  had  a  very  little  activity  by 
itself,  due  to  up  to  3  %  contamination  with  the  heterologous  component. 
Morphology  changes  of  human  PMN  cells  and  macrophages  were  observed  by 
the  slide  microscopic  adhesion  method  using  phase-contrast  microscopy  (1).  The 
cells  adhering  to  a  glass  slide  were  incubated  with  leucocidin  for  30  min  at  37°C. 
The  two  components  had  a  synergistic  effect  on  PMN  cells  and  monocytes  at 
concentrations  as  low  as  15  ng/ml  each.  On  the  opposite,  no  haemolysis  of 
rabbit,  man  and  sheep  erythrocytes  occured  with  either  component  ;  moreover 
no  synergistic  effect  was  observed,  even  at  concentrations  such  as  140  pg/ml. 
Rabbit  antisera  were  raised  against  each  component,  then  purified  by  affinity 
chromatography.  They  neutralized  the  two  purified  components  activity  as  well 
as  the  biological  activity  of  the  Vg  crude  culture  supemate.  Each  component 
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gave  a  single  immunoprecipitadon  line  with  the  homologous  antibody  and  none 
with  the  heterologous.  The  Vg  strain  supernatant  also  gave  a  single  line  with 
each  antibody.  A  screening  of  33  S.  aureus  strains  from  hospitalized  patients  by 
immunoprecipitadon  did  not  show  significant  positive  reactions.  Nevertheless, 
some  of  these  strains,  as  Pgs,  had  a  cytotoxic  effect  that  was  not  neutralized  bv 
leucocidin  antibodies  ;  this  P83  strain,  referred  to  as  leucocidin  producer  (2), 
seems  therefore  to  excrete  a  different  leucocidin  or  membrane-damaging  toxin. 
Moreover,  strains  with  strong  haemolytic  activity  also  had  strong  biological 
effect  on  the  leukocytes. 

These  preliminary  observations  indicate  that  leucocidin  from  Vg  strain  is  not 
frequently  encountered.  The  leucocidin-like  activity  often  observed  for  other 
strains  may  be  due  to  other  known  or  unknown  membrane-damaging  toxins. 
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INTRODUCTION 

Protein  antigens  are  prlmarl^  recognized  by  antigen-specific  T  cells  as 
proteolytic  fragments  of  10-15  amino  acids  in  conjunction  with  products 
of  the  major  histocompatibility  complex  (MHC).  These  products  have 
been  called  class  I  or  class  II  antigens.  In  general,  helper  T  cells  are 
generated  by  soluble  antigens  which  undergo  proteoljtlc  degradation  In 
an  endosomal  compartment,  as  yet  unidentified,  where  they  thought 
to  Interact  with  class  II  antigens.  Data  obtained  In  the  mouse  system 
using  a  number  of  protein  antigens  Indicated  that  for  each  moi;se  naplo- 
type,  a  restricted  set  of  peptides,  were  immunogenic  and  that  this  set 
varied  according  to  the  mouse  haplotype  used  (1).  At  the  time  we  began 
our  analysis  of  human  T  cell  epitopes  in  humans,  little  was  known  as  to 
whether  a  similar  phenomenon  existed  In  this  system. 

RESULTS 

The  antigen  of  choice  for  our  studies  was  tetanus  toxin  (t.t.)  since  a  large 
number  of  individuals  are  immunized  against  this  protein,  thus  facili¬ 
tating  the  isolation  of  specific  T  cell  clones.  In  addition,  t.t.  specific  B 
cells  can  be  obtained  in  humans  which  are  extremely  useful  in  studying 
antlger  internalization  and  processing.  The  specific  B  and  T  cell  clones 
used  in  these  studies  were  originally  obtained  by  Lanzavecchla  (6).  Nine 
different  T  cell  clones  were  Investigated  and  grossly  mapped  by  uc-'r.g  B 
and  C  t.t.  fragments  and  recombinant  proteins  (Fig.  1). 
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Flg.l.  Schematic  representation  of  tetanus  toxin.  The  regions  corres¬ 
ponding  to  the  H  and  L  chains.  B-fr  and  C-fr  as  well  as  recombinant 
nragments  tet3  and  tetlS  are  shown. 

It  Is  Interesting  to  note  that  four  T  cell  clones  were  not  specific  for  t.t,  but 
for  t.toxoid  or  oacterlal  proteins  which  are  part  of  the  t.  toxoid  prepara¬ 
tion.  The  first  epitope  specific  for  the  clone  KT-4  was  mapped  by  chymo- 
trypsln  digestion  of  t.t,  fragment  C  (Fig,  1)  and  subsequent  HPLC  sepa¬ 
ration  of  the  complex  peptide  mixture.  Each  fraction  was  tested  In  a  T 
cell  proliferation  assay. 

The  resulting  positive  peaks  were  rechromatographed,  tested  and  their 
sequence  determined  by  amino  acid  and  sequence  analysis.  The  epitope 
thus  Indentified  was  formally  proven  to  be  correct  by  synthesis  of  the 
corresponding  peptide  1273-1284.  In  addition,  peptide  analogs  were  also 
made  and  the  fine  specificity  of  clone  KT-4  was  determined  (Fig.  2). 


Ag  (ng/ml) 


Fig.2.  Fine  specificity  of  clone  KT-4.  Peptides  as  indicated  were  incu¬ 
bated  at  different  concentration  with  2x10“*  T  and  B  cells  per  well. 
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As  shown,  deletion  of  the  residue  1273  reduced  the  potency  of  the  epi¬ 
tope  by  100  fold.  Peptides  of  shorter  length  were  not  stimulatory.  Trun¬ 
cations  of  the  C-termlnal  side  were  not  performed. 

Two  additional  epitopes  were  mapped  by  a  totally  different  method  (2,3). 
We  made  use  of  highly  purified  and  specific  endoproteases  to  determine 
which  amino  acid  residues  were  present  in  the  various  epitopes.  If 
treatment  of  a  protein  with  a  specific  protease  abolishes  the  proliferative 
response,  the  resldue(s)  cleaved  by  that  particular  protease  must  be 
contained  in  the  epitope  in  question.  On  the  contrary,  if  the  treatment 
does  not  affect  the  proliferative  dose  response,  we  assume  that  that  par¬ 
ticular  amino  acid  residue  is  not  present.  Reduced  and  carboxymethyl- 
ated  t.t.  were  first  treated  with  CNBr.  No  loss  of  activity  was  observed 
after  this  treatment  indicating  that  all  epitopes  were  contained  within 
Cl^r  fragments.The  CNBr  preparation  was  then  treated  with  different 
proteases  (l.e.  trypsin,  Lys  C,  V8,  endo  aspara^nase)  and  an  enzymatic 
map  for  five  epitopes  was  thus  obtained  D'able  I). 


Table  I:  Amino  acid  residues  present  or  absent  In  the 

various  epitopes 

Amino  add  residues 


Clone  T 

present 

absent 

Kr-2 

Lys 

Asp,  Glu 

KT-4 

Asp 

Lys,  Glu 

Kr-30 

Lys 

.'sp,  Glu 

Kr-42 

Lys,  Asp 

Glu 

KT-40 

Lys,  Asp,  Glu 

- 

The  epitope  specific  for  clone  KT-2  which  was  previously  mapped  wlthii* 
fragment  744-864  was  determined  by  synthesizing  only  two  peptides 
(830-843  and  849-864)  which  corresponded  to  the  characteristics  shown 
in  table  II,  namely  the  presence  of  lysine  and  absence  of  glutamic  and 
aspartic  acids  (2j.  The  epitope  specific  for  clone  KT-30  was  similarly 
mapped  (3)  together  with  the  use  of  nitrocellulose  strips  containing 
fragments  derived  from  CNBr  digestion  of  the  t.t.  C-fragment  which  were 
separated  by  SDS-PAGE  electrophoresis  and  blotted  on  nitrocellulose 
according  to  the  method  of  Lamb  and  Young  (5).  In  this  case,  synthetic 
peptide  947-967  was  proven  to  specifically  stimulate  clone  KT-30.  Table 
II  shows  the  various  epitopes  thus  mapped  together  with  the  restriction 
element  utilized. 
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Table  II:  Summary  of  t.t.  fragments  recognized  by  the 

various  T  cell  clones  and  the  restriction 
elements  utilized 


T  cell  Clone 

Shortest  defined  t.t.  fi^gment 
containing  T  cell  epitope 

Restriction 

Element 

KT-2 

830  -  843 

DR5 

KT-4 

1273-  1284 

DRw52a 

Kr-30 

947  -  967 

DR5 

Kr-40 

2-  602 

DR5 

Kr-42 

604  -  742 

DRw52a 

This  type  of  analysis  can  be  of  course  extended  to  other  proteins.  The 
quantity  needed  is  about  0. 1-1.0  mg  and  the  preparation  does  not  have 
to  be  pure. 

Epitope  specific  to  clone  KT-42  could  not  be  found  yet  in  spite  of  the  fact 
that  synthetic  peptides  corresponding  to  the  data  shown  in  Table  1  were 
synthesized.  Our  explanation  is  that,  asparagine  or  glutamine  residues 
contained  in  the  fragment  have  been  modified  to  the  resulting  acid,  thus 
rendering  inoperative  our  approach. 

A  similar  situation  was  found  for  epitope  1273-1284  (2).  In  this  case,  the 
conversion  of  asparagine  to  aspartic  acid  was  localized  on  residue  1272 
which  is  outside  the  epitope  and  of  little  consequence  for  T  cell  prolife¬ 
ration.  In  these  cases,  the  only  method  available  to  localize  the  epitopes 
is  that  followed  for  the  caracterizatlon  of  antigenic  determinant  1273- 
1284. 

At  this  point,  the  frequency  by  which  these  epitopes  are  recognized  by 
peripheral  blood  lymphocytes  fPBL)  in  the  general  population  was  deter¬ 
mined,  To  our  surprise,  the  two  epitopes  830-843  and  947-967  were 
recognized  by  PBL  of  all  individual  tested.  This  situation  is  clearly  diffe¬ 
rent  from  that  established  in  the  mouse  in  which  one  epitope  is  usually 
restricted  to  one  or  few  restriction  elements  (1). 

The  third  epitope  1273-1284  was  seen  only  by  individuals  carrying  the 
DRW52a  and  52c  restriction  elements  (4).  a  situation  which  is  compa¬ 
rable  to  that  seen  in  the  mouse  system.  The  two  universal  epitopes  could 
in  principle  be  used  as  T  cell  carriers  for  general  immunization. 

Another  interesting  observation  made  in  the  course  of  these  studies  is 
the  different  capacity  of  various  antigen  presenting  cells  to  present  intact 
t.t.  to  T  cell  clones  (4). 
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Table  III:  Differential  presentation  of  t.t.  by  two  LCL 

B  cell  lines 


3H-thymldlne.  Incorporation  cpm  x  10-3 


KT-  2  KT-  30 


t.t.  36.8  ±  4.4  82,5  ±  8.8 

CNBrRCM-t.t,  46.0  ±  8.3  71.5  ±  2.9 


2.7  ±  0.7 
2.7  ±  0.3 


t.t.  62.4  ±  5.7  1.110.1  1.010.1 

CNBrRCM-t.t.  72.11  3.6  91.11  7.7  0.91  0.1 


B  cells  were  pulsed  with  t.t.  at  40  pg/ml  or  with  CNBr-RCM  t.t.  at  75 
pg/ml  for  6h  at  37°,  After  washing.  B  cells  (2x10^  /well)  were  added  to 
2x10“*  cloned  T  cells. 

^H-thymldlne  was  added  after  48h  and  cells  were  harvested  after  72h. 


The  basic  phenomenon  Is  described  In  Table  III.  Two  Epstein-Barr  virus 
transformed  B  cell  lines  which  had  been  pulsed  with  intact  t.t.  present 
the  antigen  equally  well  to  clone  KT-2  but  not  to  clone  KT-30.  This  fai¬ 
lure  could  be  bypassed  If  synthetic  peptides  or  CNBr  treated  t.t.  were 
used.  We  hypothesize  that  different  cell  lines  have  a  different  set  of 
enzymes  available  for  antigen  processing  and  that  this  difference  may 
represent  the  first  level  of  antigen  selection.  We  have  now  extended  these 
results  to  PBL,  Indicating  that  the  defect  is  not  linked  to  the  transforma¬ 
tion  event  that  took  place  in  these  cell  lines.  This  observation  may  have 
far  reaching  implications  either  at  the  level  of  auto-immune  diseases  or 
in  the  design  of  synthetic  subunit  vaccines. 
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Introduction 

The  identification  and  sequencing  of  the  antigen  receptor  of  T  cells  (1-3)  coupled  with 
the  demonstration  that  MHC  proteins  specifically  bind  immunogenic  peptides  (4-6).  and  the 
solution  of  the  crystal  structure  of  HLA  A2  (7,3)  collectively  have  led  to  a  woriring  model  of 
how  T  cells  recognize  protein  antigens  (9).  This  unique  recognition  mechanism  apparently  has 
evolved  to  allow  receptors  on  two  separate  cells  to  contact  a  common  peptide  ligand.  As  valuable 
as  these  experimental  results  have  been  for  increasing  our  understanding  of  T  cell  recognition, 
they  also  have  raised  several  different,  but  equally  perplexing  questions.  The  principal  issue 
our  laboratory  has  concentrated  on  is  how  can  a  single,  conserved  MHC  antigen  combining  site 
specifically  recognize  a  very  large  number  of  diverse  peptides?  Although  the  MHC  molcules 
are  members  of  one  of  the  most  polymorphic  families  of  proteins  yet  defined,  the  amino  adds 
composing  the  combining  site  of  any  one  allele  are  constant.  This  is  in  stark  contrast  to  the 
other  proteins  known  to  bind  antigen,  antibodies  and  the  antigen  receptors  of  T  cells,  which  both 
create  diverse  binding  sites  by  genetic  rearrangement  and,  in  the  case  of  antibodies,  additional 
somatic  mutations  (9-11). 

In  this  report,  the  ability  to  detect  binding  of,bioiinylated  peptides  to  MHC  class  II 
proteins  on  cell  surfaces  was  used  to  examine  the  degree  of  degeneracy  between  the  ligand  and 
different  MHC  alleles.  This  rapid,  simple,  and  quantitative  assay  allowed  a  large  number  of  HLA 
DR  alleles  to  be  screened  for  their  ability  to  bind  the  peptide.  The  ability  of  both  a  surprisingly 
large  number  of  OR  alleles  to  bind  the  peptide  and  any  one  MHC  protein  to  bind  a  large  variety  of 
peptides  is  discussed  in  the  context  of  MHC  restriction  of  T  cell  recognition. 


Materials  and  Methods 
Peptides 

The  peptide  corresponding  to  residues  307-319  of  influenza  hemagglutinin 
(PKYVKQNTLKLAT),  which  previously  was  shown  to  be  recognized  by  DR1  restricted  T 
cells  (12),  was  the  parent  sequence  for  the  analogues  used  in  this  study.  Long  chain  biotin 
(13)  was  placed  unambiguously  at  each  position  by  substituting  lysine  at  the  desired 
position,  replacing  lysines  308,  311,  and  316  with  arginine,  and  acetylating  the  a-amino 
group.  The  peptides  were  synthesized  using  standard  solid-phase  methods  as  previously 
described  (12)  on  an  Applied  Biosystems  430  A  synthesizer,  and  biotinylated  with  excess 
sulphosuccinimidyl  6-(biotinamido)  hexanoate  (Pierce).  The  biotinylated  peptides  were 
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purified  by  reversed  phase  HPLC  and  analyzed  by  amino  acid  analysis  and  fast  atom 
bombardment  mass  spectrometry.  Biotinylation  was  further  confirmed  by  positive 
reaction  with  dimethylaminocinnamaldehyde  (14). 

Binding  assay 

The  assay  has  been  described  in  detail  elsewhere  (15).  Briefly,  two  EBV-transformed  B 
ceil  lines  homozygous  for  HI_A-0R1  Owl.  MAJA  and  METTE,  and  the  class  II  deficient  EBV-B  cell 
line  .  RJ  2.2.5  (16),  were  incubated  at  3  x  10^  cells  per  well  with  each  biotinylated  peptide 
(50(iM)  in  96-well  plates  (200  pi)  at  3T  °C  for  four  hours,  followed  by  FITC-streptavidin 
(4.22  pg/ml;  Calbiochem).  Cell  surface  JR  expression  was  quantified  by  staining  with 
fluoresceinated  L243  anti-OR  monoclonal  antibody  (17)(Becfon-0ickinson;  30  min.,  4  ^C). 
After  each  incubation,  cells  were  washed  with  PBS  containing  0.1%  bovine  serum  aibumin. 
Stained  ceils  were  analysed  by  flov/  cytometry  using  a  FACScan  analyser  (Becton-Oickinson). 
Only  viable  ceils,  identified  on  tho  analyser  by  their  ability  to  exclude  propidium  iodide,  were 
included  in  the  analysis.  In  inhibition  studies,  competing  peptides  or  unlabelled  L243,  were 
included  in  the  assay.  To  determine  whether  differential  proteolysis  was  a  factor,  a  mixture  of 
protease  inhibitors  (TPCK,  10  pg/ml;  PMSF,  50  pg/ml;  leupeptin,  1  pg/ml;  aprotinin,  1 
pg/ml;  soybean  trypsin  inhibitor,  10  pg/ml)  were  coincubated  with  cells  and  the  biotinylated 
peptide. 

Results  and  Discussion 

To  determine  whether  immunogenic  peptides  could  be  shown  to  bind  MHC  class  II 
molecules  on  the  surface  of  intact  cells,  a  T  cell  determinant  from  influenza  hemagglutinin  (HA; 
residues  307-319)  (12),  which  is  recognized  by  a  HLA-OR1  restricted  T  cell  clone,  was 
assayed  for  its  ability  to  bind  Epstein-Barr  virus  transformed  human  B  lymphocytes  (B-LCL) 
homozygous  for  HLA-DR1 .  These  cells  were  chosen  because  they  were  homozygous,  well 
characterized  cell  lines  that  express  unusually  high  levels  of  HLA  class  II  proteins.  Because  of 
concerns  of  high  background  fluorescence  and  a  low  specific  signal,  the  peptide  was  not  directly 
fluoresceinated.  Instead,  it  was  conjugated  to  a  biotinyi  group  to  take  advantage  of  the 
amplification  that  can  be  obtained  by  using  multiply  fluoresceinated  streptavidin. 

When  the  DRI -homozygous  B-LCL,  MAJA,  was  incubated  with  the  peptide,  stained  with 
fluoresceinated  streptavidin,  and  analysed  for  green  fluorescence  by  flow  cytometry,  the  cell 
surface  fluorescence  was  approximately  five  times  higher  than  in  the  absence  of  peptide  (Figure 
la).  The  signal  was  two  orders  of  magnitude  less  intense  than  that  obtained  by  indirect 
immunofluorescence  with  a  monoclonal  antibody  specific  for  a  determinant  present  on  many 
human  class  II  molecules. 

All  detectable  fluorescence  with  this  peptide  was  shown  to  be  specific  by  using  RJ  2.2.5 
ceils  (16).  These  cells,  like  the  MAJA  line,  are  human  8-lymphobiastoid  cells  transformed  by 
Epstein-Barr  virus,  except  that  they  do  not  express  class  II  proteins  because  of  a  mutation  in  a 
regulatory  protein  required  for  class  II  expression  (18).  Consequently,  they  provide  an 
excellent  control  for  the  specificity  of  the  fluorescent  signal,  because  they  should  display  a 
similar  cell  surface  except  for  the  absence  of  MHC  class  II  proteins  and  any  allelic  variation  of 
surface  proteins  between  the  ceil  lines.  When  RJ  2.2.5  cells  were  used  in  the  assay,  the 
fluorescence  in  the  presence  of  peptide  was  indistinguishable  from  background  (Fgure  1b). 
This  demonstrated  that  the  large  majority  of  the  fluorescent  signal  on  the  cells  expressing  DRI 
was  speciflc  and  strongly  suggested  that  the  peptide  bound  to  class  II  MHC  proteins  or  other 
proteins  whose  expression  was  coregulated. 

L  cells  transfected  with  genes  encoding  a  and  5  chains  of  human  dass  II  molecules  were 
used  to  demonstrate  that  the  peptide  binds  to  HLA-OR.  A  distinct  fluorescent  signal  was 
observed  when  the  HA  peptide  was  incubated  with  cells  transfected  with  DRI,  but  absent  on 
normal  L  cells  (Figure  1c).  In  contrast,  the  fluorescence  on  L  cells  expressing  DQwl  was 
indistinguishable  from  that  of  untransfected  cells  (data  not  shown).  However,  because  the  level 
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Figure  1.  Binding  of  a  biofinyiated  analogue  of  HA  307-319  to  cell  surfaces.  A,  Binding  of 

the  HA307-319  analog  to  The  DR1 -homozygous  B  cell  line,  MAJA  ( - ).  Surface 

expression  of  class  II  MHC  proteins  was  shown  by  indirect  immunofluorescence  using  the  anti 

HLA-D  region  antibody,  TAL  31. 1( . ).  Background  fluorescence  in  the  absence  of 

biotinylated  peptide  was  determined  by  incubation  only  with  streptavidin  { . ).  B,  Failure  of 

the  HA  analogue  ( - )  to  bind  to  the  class  ll-deficient  B-cell  line,  RJ  2.2.5,  above 

background  ( . ).  Residual  staining  with  TAL  31.1  antibody  ( . )  may  be  due  to  thj 

presence  of  small  amounts  of  HLA-DP.  C,  Binding  of  the  biotinylated  HA  peptide  to  L  cells 

transfected  with  HLA-0R1.  Transfectants  (clone  5-3.1)  ( - )  or  untransfected  L  cells  (-  - 

-)  were  incubated  with  100  pM  peptide  overnight.  Tlie  level  of  staining  for  DR  ( . )  on  fhe 

transfected  L  cells  (indirect  immunofluorescence  using  the  anti-DR  mo.noclonal  antibody, 

L243)  was  about  ten  times  lower  than  on  B-lymphoblastoid  cells. 
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Figure  Z  Inhibition  of  poptide  binding  by  an  anti-OR  monoclonal  antibody  and  the  natural 
determinant,  HA307-31 9.  A,  peptide  binding  to  MAJA  cells  in  the  presence  of  varying  amounts 
of  protein  A-sepharose  purified  L243  anti-OR  antibody.  B,  Comparison  of  the  reduction  in 

fluorescent  signal  by  L243  ( B)  and  the  fraction  of  DR  molecules  bound  by  antibody  { O) 
determined  by  indirect  immunofluorescence  using  varying  amounts  of  L243  as  in  (A),  followed 
by  fluoresceinated  rabbit  anti-mouse  Ig.  C,  Inhibition  of  peptide  binding  (5  pM)  to  MAJA  cells 
by  varying  concentrations  of  HA  307-31 9  (shown  as  molarity  and  molar  excess  on  bottom  and 

fop  axes,  respectively).  Both  the  fluorescence  ( B ;  scale  on  left)  and  the  fractional  reduction 
in  fluorescent  signal  ( Q ;  scale  on  right)  are  shown.  RJ  2.2.5  cells  incubated  with 
biotinylated  peptide  and  competitor  gave  no  signal  { . 
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of  OQ  expression  on  these  transfectants  was  low,  the  possibility  that  the  peptide  can  weakly 
interact  with  OQ  cannot  be  ruled  out. 

Further  evidence  that  the  peptide  directly  interacted  with  HLA-DR  on  the  surface  of  B- 
LCL  was  that  the  fluorescent  signal  could  be  modulated  by  coincubating  the  B-LCL  with  peptide 
and  an  anti-OR  monoclonal  antibody  (17).  Increasing  amounts  of  antibody  progressively 
reduced  the  fluorescent  signal  (Fgure  2a).  However,  complete  inhibition  of  the  signal  by 
incubation  with  this  antibody  could  not  be  obtained  due  to  the  difficulty  of  getting  sufticientty 
high  antibody  concentrations  that  blocked  the  binding  without  crosslinking  the  cells  and 
removing  them  from  the  gate  of  the  FACS  analyzer.  Using  Fab  fragments  of  the  antibody  <Sd  not 
solve  the  problem.  Nevertheless,  the  reduction  of  the  fluorescent  signal  closely  paralleled  the 
saturation  of  ceil  surface  ORI  by  the  antibody  (Rgure  2b),  indicating  that  the  majority  of  the 
fluorescent  signal  was  due  the  formation  of  a  peptide-MHC  class  II  complex  and  not  nonspecific 
binding  on  the  ceil  surface. 

The  natural  determinant  also  was  shown  to  compete  with  the  biotinylated  peptide, 
demonstrating  that  both  occupy  the  same  site  on  ORI.  Half  inhibition  could  be  obtained  at 
relatively  low  molar  excess  of  the  competitor  over  the  biotinylated  peptide  (sevenfold)  (Figure 
2c).  As  the  concentration  of  the  competitor  was  increased,  the  fluorescence  decreased,  reaching 
80  %  inhibition  at  a  molar  ratio  of  110.  A  higher  excess  of  competitor  could  not  be  obtained 
because  of  the  limited  solubility  of  the  natural  determinant  and  the  need  for  relatively  large 
amounts  of  biotinylated  peptide  in  order  to  observe  a  distinct  fluorescent  signal. 

Binding  of  the  biotinylated  peptide  was  detectable  only  after  30  minutes,  and  continued  to 
increase  even  after  a  1  G-hour  incubation  (data  not  shown).  Because  binding  to  the  class  II- 
defident  cells  was  not  detectable,  even  at  the  longest  incubation  time,  we  can  assume  the 
increase  in  fluorescence  with  time,  reflects  the  kinetics  of  association  of  the  peptide  with  HLA- 
OR.  The  low  rate  of  cell  surface  binding  is  consistent  with  the  previously  reported  kinetics  of 
association  between  peptides  and  purified  dass  11  molecules  in  detergent  (5).  When  cells  were 
incubated  with  peptide,  stained  with  straplavidin,  washed  and  further  incubated  at  37  oc,  a 
gradual,  slight  reduction  in  cell  surface  fluorescence  was  observed  over  several  hours  (data  not 
shown).  The  kinetic  data  demonstrated  that  binding  does  not  approach  a  true  equilibrium  over 
the  time  of  the  assay  and  that  dissociation  is  negligible  on  the  time  scale  of  the  staining 
procedure. 

The  incubation  temperature  was  a  critical  factor  in  the  generation  of  the  fluorescent 
signal.  Peptide  binding  to  ORI  was  halved  at  25  and  reduced  by  two  thirds  at  4  oc  relative  to 
37  ®C  .  However,  a  variety  of  inhibitors  of  antigen  processing  had  no  effect  (sodium  azide, 
colchicine,  cytochalasin  B,  chloroquine,  and  ammonium  chloride),  suggesting  that 
internalization  rf  the  peptide  was  not  required  for  binding. 

The  ease  of  the  assay  and  the  avaiiability  of  the  homozygous  B-LCL  allowed  us  to  examine  the 
ability  of  the  biotinylated  HA  peptide  to  bind  to  twenty-two  cell  lines  expressing  different  DR 
types  (Rgure  3).  Remarkably,  even  though  the  fluorescent  signal  (Rgure  3a)  significantly 
varied  between  cell  lines,  detectable  fluorescence  distinct  from  background  was  present  in  each 
case  with  the  exception  of  the  class  ll-deficient  cell  line.  The  variation  in  fluorescence  could  not 
be  explained  by  differences  in  DR  expression  between  cell  lines  (shown  in  Rgure  3b).  When 
peptide  binding  was  corrected  for  these  variations  by  dividing  the  fluorescence  obtained  with 
peptide  by  that  obtained  with  the  anti-DR  monoclonal  antibody  (Rgure  3c).  significant 
differences  between  cell  lines  remained,  which  allowed  classification  of  the  cells  into  groups 
having  haplotypes  with  high  (DRl4a  Dwl6,  DR13a  Dw18,  DR13b  Dw19.  DR16  Dw21)  low 
(DR17  Dw3,  DR9,  DR4  Dw15),  or  intermediate  (all  others)  capacity  for  associating  with  the 
HA  peptide. 

The  broad  range  of  binding  exhibited  by  this  peptide  is  surprising  particularly  in  the 
context  of  MHC  restricted  recognition.  However,  two  important  features  of  this  assay  should  be 
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Figure  3.  Binding  of  the  HA  peptide  to  B  cell  lines  homozygous  for  different  DR  alleles.  A, 
Mean  fluorescence  on  cell  lines  homozygous  for  the  DR  types  indicated,  when  incubated  with 

peptide  (O)  and  without  peptide  (0).  B,  Mean  fluorescence  on  the  same  cells  stained  with 
directly  fluoresceinated  L243  anti-DR  monoclonal  antibody.  C,  Relative  peptide  binding  (from 
panel  A)  divided  by  relative  antibody  binding  (from  panel  B). 
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of  OQ  expression  on  these  Iransfectants  was  low,  the  possibility  that  the  peptide  can  weakly 
interact  with  DQ  cannot  be  ruled  out. 

Further  evidence  that  the  peptide  directly  interacted  with  HLA-DR  on  the  surface  of  B- 
LCL  was  that  the  fluorescent  signal  could  be  modulated  by  coincubating  the  B-LCL  with  peptide 
and  an  anti-DR  monoclonal  antibody  (17).  Increasing  amounts  of  antibody  progressively 
reduced  the  fluorescent  signal  (Figure  2a).  However,  complete  inhibition  of  the  signal  by 
incubation  with  this  antibody  could  not  be  obtained  due  to  the  difficulty  of  getting  sufficiently 
high  antibody  concentrations  that  blocked  the  binding  without  crosslinking  the  cells  and 
removing  them  from  the  gate  of  the  FACS  analyzer.  Using  Fab  fragments  of  the  antibody  did  not 
solve  the  problem.  Nevertheless,  the  reduction  of  the  fluorescent  signal  closely  paralleled  the 
saturation  of  cell  surface  DR1  by  the  antibody  (Figure  2b),  indicating  that  the  majority  of  the 
fluorescent  signal  was  due  the  formation  of  a  peptide-MHC  class  II  complex  and  not  nonspecific 
binding  on  the  cell  surface. 

The  natural  determinant  also  was  shown  to  compete  with  the  biotinylated  peptide, 
demonstrating  that  both  occupy  the  same  site  on  DR1.  Half  inhibition  could  be  obtained  at 
relatively  low  molar  excess  of  the  competitor  over  the  biotinylated  peptide  (sevenfold)  (Figure 
2c).  As  the  concentration  of  the  competitor  was  increased,  the  fluorescence  decreased,  reaching 
80  %  .nhibition  at  a  molar  ratio  of  110.  A  higher  excess  of  competitor  could  not  be  obtained 
becausd  of  the  limited  solubility  of  the  natural  determinant  and  the  need  for  relatively  large 
amounts  of  biotinylated  peptide  in  order  to  observe  a  distinct  fluorescent  signal. 

Binding  of  the  biotinylated  peptide  was  detectable  only  after  30  minutes,  and  continued  to 
increase  even  after  a  16-hour  incubation  (data  not  shown).  Because  binding  to  the  class  II- 
deficient  cells  was  not  detectable,  even  at  the  longest  incubation  time,  we  can  assume  the 
increase  in  fluorescence  with  time,  reflects  the  kinetics  of  association  of  the  peptide  with  HLA- 
DR.  The  low  rate  of  cell  surface  binding  is  consistent  with  the  previously  reported  kinetics  of 
association  between  peptides  and  purified  class  II  molecules  in  detergent  (5).  When  cells  were 
incubated  with  peptide,  stained  with  straptavidin,  washed  and  further  incubated  at  37  oc,  a 
gradual,  slight  reduction  in  cell  surface  fluorescence  was  observed  over  several  hours  (data  not 
shown).  The  Idnetic  data  demonstrated  that  binding  does  not  approach  a  true  equilibrium  over 
the  time  of  the  assay  and  that  dissociation  is  negligible  on  the  time  scale  of  the  staining 
procedure. 

The  incubation  temperature  was  a  critical  factor  in  the  generation  of  the  fluorescent 
signal.  Peptide  binding  to  DR1  was  halved  at  25  and  reduced  by  two  thirds  at  4  oc  relative  to 
37  ®C  .  However,  a  variety  of  inhibitors  of  antigen  processing  had  no  effect  (sodium  azide, 
colchicine,  cytochalasin  B,  chloroquine.  and  ammonium  chloride),  suggesting  ’hat 
internalization  of  the  peptide  was  not  required  for  binding. 

The  ease  of  the  assay  and  the  availability  of  the  homozygous  B-LCL  allowed  us  to  examine  the 
ability  of  the  biotinylated  HA  peptide  to  bind  to  twenty-two  cell  lines  expressing  different  DR 
types  (Rgure  3).  Remarkably,  even  though  the  fluorescent  signal  (Rgure  3a)  significantly 
varied  between  cell  lines,  delectable  fluorescence  distinct  from  background  was  present  in  each 
case  with  the  exception  of  the  class  ll-deficienf  cell  line.  The  variation  in  fluorescence  could  not 
be  explained  by  differences  in  DR  expression  between  cell  lines  (shown  in  Rgure  3b).  When 
peptide  binding  was  corrected  for  these  variations  by  dividing  the  fluorescence  obtained  with 
peptide  by  that  obtained  with  the  anti-DR  monoclonal  antibody  (Rgure  3c),  significant 
differences  between  cell  lines  remained,  which  allowed  classification  of  the  cells  into  groups 
having  haplofypes  with  high  (DR14a  Dwt6.  DRl3a  Dw18.  DR13b  Dwt9.  DR16  Dw21)  low 
(DR17  Dw3,  DR9,  DR4  Dw15),  or  intermediate  (all  others)  capacity  for  associating  with  the 
HA  peptide. 

The  broad  range  of  binding  exhibited  by  this  peptide  is  surprising  particularly  in  the 
context  of  MHC  restricted  recognition.  However,  two  important  features  of  this  assay  should  be 
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emphasized,  which  might  contibute  to  the  large  degeneracy  of  binding  (i.)  the  assay  requires  a 
targe  amount  of  peptide  (50pM)  relative  to  that  necessary  for  stimulation  of  T  cells  and  (ii.) 
the  assay  is  performed  in  the  absence  of  any  competitive  peptides.  At  physiologically  relevant 
concentrations  of  peptide  the  binding  to  the  different  cell  lines  might  be  quite  different.  In 
addition,  when  incubated  with  a  variety  of  peptides,  as  in  the  case  of  a  natural  influenza 
infection,  this  particular  peptide  might  not  occupy  the  majority  of  sites  on  the  class  !l 
molecules.  However,  the  lowest  levels  of  cell  surface  fluorescence  measured  in  this  assay  are 
relevant  to  T-cell  responsiveness:  0R4  Owl  5  expressing  cells,  which  bound  the  biotinylated  HA 
analogue  most  weakly,  presented  the  natural  HA  determinant  to  a  HA-specific  T  lymphocyte 
clone  equally  well  over  a  range  of  concentrations  as  the  autologous  restriction  element,  DR1 
Owl,  which  binds  the  biotinylated  peptide  at  intermediate  levels  (J.  Rothbard  et  al.,  in  press). 
In  addition,  the  broad  range  of  binding  reported  here  is  unique  to  the  HA  peptide.  Four  other  T 
ceil  determinants  also  bind  the  twenty-two  B-LCL,  but  the  high  binding  alleles  are  not  identical 
for  each  peptide  (manuscript  in  preparation).  If  generally  true,  these  results  indicate  that  a 
major  factor  in  MHC  restriction  of  T  cell  recognition  must  arise  from  MHC-T  cell  receptor 
interactions  and  not  simply  different  capacities  to  bind  peptide. 
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Whooping  cough,  a  respiratory  infection  caused  by 
Bordetella  pertussis  can  be  life  threatening  when  acquired 
within  the  first  year  of  age.  The  "cellular"  vaccine 
composed  of  inactivated  B. pertussis  cells,  although 
efficacious  in  protection,  has  to  be  substituted  because 
of  its  side  effects.  Several  "acellular"  vaccines, 
containing  purified  B. pertussis  antigens  have  been 
proposed.  Pertussis  toxin  (PT)  is  the  main  component  of 
such  Vaccines,  beeing  a  protective  antigen  in  both  animal 
models  and  humans,  as  demonstrated  by  a  recent  field  trial 
held  in  Sweden(l,2).  PT  is  a  complex  molecule  composed  of 
five  different  subunits,  SI,  S2,  S3,  S4,  SS  in  ratio 
1:1:1:2:1.  Subunit  SI  is  an  ADP-ribosyltransf erase  which 
has  as  target  GTP-binding  proteins  on  eucaryotic  cells 
from  different  tissues.  The  other  subunits  are  involved  in 
cell  binding.  It  is  very  likely  that  the  next  generation 
of  anti-whooping  cough  vaccines  will  contain  chemically  or 
genetically  detoxified  PT  purified  from  culture 
supernatants.  As  an  alternative  approach,  a  third 
generation  vaccine  may  be  conceived,  based  on  recombinant 
or  synthetic  non-toxic  peptides  of  PT  that  mimic  the 
entire  molecule  for  the  immune  system.  The  immune  response 
to  a  protein  antigen  is  generated  by  the  cooperation  of 
mainly  two  cell  types:  B  and  T  lymphocytes.  B  lymphocytes 
generally  recognize  conformational  epitopes  on  a  protein 
and  produce  specific  antibodies  following  "help"  signals 
by  T  lymphocytes  specific  for  the  same  antigen.  On  the 
other  hand,  T  lymphocytes  recognize  short  peptides  that  are 
generated  by  the  degradation  of  the  antigen  and  that  are 
exposed  on  the  surface  of  the  antigen  presenting  cell,  in 
association  with  polymorphic  ClassII  molecules  encoded  by 
the  Major  Histocompatibility  Complex  (MFC).  The 
identification  of  B  and  T  cell  epitopes  allows  the 
formulation  of  synthetic  constructs  that  could  be  used  for 
vaccination.  The  aim  of  our  study  was  the  identification  of 
T  cell  epitopes  of  PT  recognized  by  human  T  lymphocytes! 3 ) . 
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Flg.l.  Schematic  rapresentation  of  the  method  used 
to  obtain  human  T  lymphocyte  clones  specific 
for  PT  and  to  test  their  fine  specificity 
(  see  text  ) . 
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RESULTS  AND  DISCUSSION 


1)  Generation  of  anti-PT  T  cell  clones. 

Clones  of  T  lymphocytes  specific  for  PT  were  obtained  from 
the  peripheral  blood  of  a  donor  immune  to  pertussis.  The 
method  is  shown  in  Fig.l.  Peripheral  blood  mononuclear 
cells  (PBHC)  were  cultured  with  purified  and 
heat-inactivated  PT.  Proliferating  T  lymphocytes  were 
expanded  in  the  presence  of  interleukin-2  vIL2)  and 
phytohaemagglutinin  (PHA)  and  than  cloned  by  limiting 
dilution.  At  the  same  time,  B  lymphocytes  of  the  same 
donor  were  immortalized  in  vitro  with  Epstein  Barr  Virus 
in  the  presence  of  Cyclosporin  A,  in  order  to  produce  a 
continues  source  of  antigen  presenting  cells.  Several  T 
cell  clones  were  obtained,  each  virtually  originating  from 
a  different  memory  T  lymphocyte.  The  clones  were  tested 
for  recognition  of  PT  and  its  derivatives  in  proliferation 
assays. 


2)  Fine  specificity  of  anti-PT  T  cell  clones 

Twelve  T  cell  clones  specific  for  PT  were  found  (Table  1.) 
Their  fine  specificity  was  then  investigated  using  the 
five  recombinant  subunits  of  PT  obtained  as  recombinant 
proteins  in  E.coli(4).  Surprisingly,  ten  of  the  twelve 
clones  (83%)  were  specific  for  subunit  SI  (Table  1.)  ;  the 
other  two  clones  recognized  S4  and  S2  plus  S3  (data  not 
shown).  These  results  suggested  immunodominance  of  Si 
over  the  other  subunits  of  PT  and  conformed  in  man 
similar  results  obtained  in  animal  models,  where  SI  has 
been  shown  to  be  also  a  protective  subunit  of  PT.  In  order 
to  map  the  T  cell  epitopes  of  this  subunit  we  generated 
more  T  cell  clones  against  Si  itself.  A  total  of  eighteen  T 
cell  clones,  all  of  the  helper  phenotype  CD3*  CD4+  CDS", 
were  studied. 


3)  Mapping  T  cell  epitopes  on  SI  subunit 

To  this  purpose  both  recombinant  and  synthetic  peptides 
of  SI  were  prepared.  Nine  E.coli  strains  were  ingegnerized 
to  produce  fragments  of  SI  representing  NH2-  and 
COOH-terminal  truncations  of  the  protein  (Fig. 2).  These 
were  used  to  localize  the  regions  of  Si  containing  T  cell 
epitopes.  On  the  basis  of  recognition  of  some  fragments 
(indicated  with  @  in  the  figure)  and  non-recognition  of 
others  (indicated  with©),  it  was  possible  to  deduce  three 
sequences  of  SI  containing  residues  1-42,  181-211  and 
212-235,  which  are  recognized  by  respectively  eleven, 
five  and  two  clones. 
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Tabla  1.  Proliferation  of  human  T  cell  clones  to  purified  PT  and 
recombinant  31 


Clone 

None 

T106 

2.9 

+  0.3* 

T207 

2.3 

+  0.4 

T209 

2.4 

+  0.5 

T215 

2.3 

+  0.2 

T216 

2.3 

+  0.3 

T217 

2.0 

±  0-'^ 

T218 

2.1 

+  0.2 

T219 

2.6 

♦  0.2 

T220 

1.2 

±  01 

T226 

2.4 

♦  0.2 

T227 

2.8 

♦  0.2 

T229 

2.5 

+  0.1 

Antigen 


PT  SI 


5.1  +  0.6 

2.2  +  0.2 

7.7  +  1.3 

1.9  +  0.1 

5.8  >  0.5 

18.7  *  1.7 

55.8  +  2.4 

59.4  ♦  1.6 

5.8  +  0.8 

14.6  +  0.2 

4.7  +  0.8 

16.1  ±  2.3 

11.3  ♦  0.6 

20.5  ♦  2.6 

9.9  ♦  1.7 

10.4  ♦  0.4 

14.2  +  1.7 

18.9  *  0.6 

57.3  +  2.4 

56.0  ♦  2.2 

12.0  t  2.2 

12.7  ♦  2.1 

32.6  >  1.6 

1  31.7  +  1.3 

1 

*Mean  cpm  (xlO*’)  +  SO  of  triplicate  cultures 

Boxed  values  are  statistically  significant 


Fig. 2:  Recombinant  deletion  fragments  of 
subunit  Si  and  sequences  recognized  by  T-cell 
clones.  Fragments  designed  with  @  are 
recognized  by  the  clones  listed  in  the  lower 
part  of  the  figure. 
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To  identify  the  minimal  ^squences  stimulating  T  cell 
proliferation  within  these  regions,  synthetic  peptides 
were  then  used.  Among  severa-  tested  (results  not  shown), 
a  NH2-terminal  peptide  of  13  residues,  27-39  was 
recognized  by  three  clones  mapping  in  region  1-42  (Table 
2).  In  the  region  181-211,  peptide  180-194  stimulated 
four  out  of  five  clones.  This  peptide  was  synthesized 
following  the  previous  observation  that  the  longer  peptide 
171-194  was  first  identified  as  stimulatory  for  the  four 
clones  mentioned.  The  peptides  27-39  and  180-194  were 
studied  for  their  HHC  restriction  aad  resulted  to  be 
recognized  in  the  context  of  class  II  DR  molecules,  in 
particular  of  DRl  (not  shown). 


Table  2.  Synthetic  peptides  of  SI  recognised  by  T  cell  clones 


A)  Peptide  27-39:  GNNDNVLDHLTGR 


Clone 

Medium 

27-39 

<10  pg/ml) 

a 

S232 

0.8  +  0.2 

9.2  i 

1.1 

T215 

1.8  +  0.4 

^5.9  + 

10.4 

T226 

0.9  +  0.2 

44.3  + 

4.2 

Peptide  180-194:  SRRSVASIVGTLVRM 

Clone 

Medium 

180-194 

(10  pg/ml) 

3105 

2.1  +  0.1 

18.0  + 

1.1 

T209 

0.5  +  0.1 

30.8  + 

0.8 

T217 

1 . 9  +  C  1 

12.3  + 

0.1 

•Mean  cpm  (xlO'^)  +  SD  of  triplicate  cultures 
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CONCLUSIONS 

The  identification  of  three  regions  of  SI  containing  T 
cell  epitopes  and  the  definition  of  two  short  synthetic 
peptides  as  stimulatory  sequences  for  T  lymphocytes  are 
useful  for  the  development  of  a  synthetic  vaccine 
against  whooping  cough.  Furthermore,  the  polymorphism  of 
class  II  molecules  imposes  that  peptides  to  be  included  in 
a  vaccine  have  the  capacity  to  bind  to  molecules  of 
different  specificity,  in  order  to  be  stimulatory  for  most 
of  the  individuals  in  a  population.  We  have  preliminary 
evidence  that  the  two  peptides  that  we  have  identified 
have  this  capacity. 

Finally,  we  would  like  to  remark  that  the  localization  of 
T  cell  epitopes  on  subunit  SI  provides  useful  information 
for  the  production  of  second  generation  vaccines 
containing  chemically  or  genetically  detoxified  PT.  Such 
modified  molecules  should  keep  unaltered  their  T  cell 
epitopes  as  well  as  their  tridimensional  structure  in 
order  to  stimulate  an  immune  response  capable  of 
recognizing  native  PT.  The  PT-specific  T  cell  clones  that 
we  isolated  from  a  donor  immunized  by  the  disease 
represent  a  useful  tool  to  test  in  vitro  the  antigenicity 
of  such  modified  PT  molecules. 
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INTRODUCTION 

The  study  of  the  interaction  of  bacterial  protein  toxins  with  the 
immune  system  has  been  rather  less  developed  in  the  past  decade  as 
compared  to  the  great  expansion  of  other  areas  of  bacterial  toxinology 
particularly  those  relevant  to  molecular  genetics,  structural 
biochemistry  and  cell  biology.  The  main  reasons  are  very  likely  the 
high  complexity  of  the  immune  system  network  and  inappropriate 
experimental  approaches  for  probing  toxin  interactions  with  the  various 
cellular  and  molecular  elements  of  that  system.  Fortunately  this 
situation  has  been  rapidly  changing  over  the  past  five  years  and 
interesting  Information  has  been  obtained  concerning  the  effects  of  a 
number  of  toxins  on  certain  functions  and  properties  of  immune  system 
cells  and  molecular  effectors. 


DEFINITION  OF  IMMUNOCYTOTROPIC  TOXINS 

We  propose  to  coin  the  denomination  "immunocytotropic  protein  toxins" 
for  those  toxins  acting  directly  as  molecular  signals  on  immunocytes 
and  their  precursors  leading  to  the  expression  of  biological  activities 
and  functions  on  target  cells  and/or  induction  of  the  expression  of 
molecular  structure(s)  at  their  surface,  independent  of  their  behavior 
as  antigens  processed  and  recognized  for  immune  response  to  their 
epitopes. 

Among  the  immunocytotropic  toxins  are  those  toxins  known  to  behave  as 
polyclonal  mitogens  for  T  lymphocytes  (Table  1)  leading  to  their 
proliferation  with  concomitant  release  of  various  cytokines  from 
monocytes  (monokines)  and/or  lymphocytes  (lymphokines) . 
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Table  1.  Immunocytotropic  bacterial  protein  toxins  acting  as  T- 
lymphocyte  mitogens 


STAPHYLOCOCCAL  ENTEROTOXINS  A,  B,  C,  D,  E. 
STAPHYLOCOCCAL  TOXIC-SHOCK  SYNDROME  TOXIN-1 
STAPHYLOCOCCAL  PYROGENIC  (ERYTHROGENIC)  EXOTOXINS  A,  B 
STREPTOCOCCAL  ERYTHROGENIC  (PYROGENIC)  TOXINS  A,  B,  C 
OTHER  STREPTOCOCCAL  MITOGENIC  PROTEINS 
PERTUSSIS  TOXIN 
CHOLERA  TOXIN 

PSEUDOMONAS  AERUGINOSA  EXOTOXIN  A 


STAPHYLOCOCCAL  AND  STREPTOCOCCAL  IMMUNOCYTOTROPIC  TOXINS 

Staphylococcus  aureus  and  Streptococcus  pyogenes  produce  an  array  of 
immunocytotropic  toxins  of  primary  clinical  and  biological  importance. 
This  group  is  that  constituted  by  staphylococcal  enterotoxins  (SE), 
staphylococcal  toxic-shock  syndrome  toxin-1  (TSST-1)  and  streptococcal 
erythrogenic  toxins  (ET)  also  known  as  pyrogenic  exotoxins  (see  ref. 
1,3,15,21,27,29  for  recent  reviews).  All  these  toxins  are  single-chain 
polypeptides  with  molecular  weights  ranging  from  ca.  22  to  28  kDa. 
Staphylococcal  enterotoxins  are  classified  into  five  serological 
groups:  A,  B,  C,  D  and  E  (referred  to  as  SEA,  SEB,  SEC,  SED,  and  SEE) 
respectively.  SEC  is  further  subdivided  into  three  groups,  SECl,  SEC2 
and  SEC3  based  on  differences  in  minor  epitopes  (15,27).  Streptococcal 
erythrogenic  toxins  comprise  three  serological  types;  A,  B  and  C 
(1,21,29).  Enterotoxins  A  to  E,  TSST-1  and  ETA,  ETB  and  ETC  share  a 
number  of  common  biological  properties  including  pyrogenicity  and  T 
mitogenicity  (Table  2). 

Table  2.  Biological  properties  shared  by  streptococcal  erythrogenic 
toxins,  staphylococcal  enterotoxins  and  toxic-shock  syndrome 
toxln-1 


1.  PYROGENICITY 

2.  POLYCLONAL  LYMPHOCYTE  MITOGENICITY  (MONOCYTE  COOPERATION) 

3.  INDUCTION  OF  CYTOKINES  (MONOKINES,  LYMPHOKINES) 

4.  ENHANCEMENT  OF  HOST  SUSCEPTIBILITY  TO  LETHAL  SHOCK  BY  ENDOTOXIN 

5.  SUPPRESSION  OF  IgM  SYNTHESIS  AGAINST  SRBC  IN  MICE 

6.  SUPPRESSION  OF  ALL  Ig  CLASSES  IN  HUMANS 

7.  ENHANCEMENT  OF  DELAYED  TYPE  HYPERSENSITIVIH 

8.  INDUCTION  OF  TOLERANCE  IN  CERTAIN  RABBITS 


References:  1,3,4,6,27,29. 


The  three  groups  of  table  2  toxins  exhibit  also  common  clinical  and 
pathological  features  (table  3). 
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Table  3.  Clinical  and  pathological  manifestations  of  staphylococcal 
enterototoxins  and  TSST-1  and  of  streptococcal  erythrogenlc 
(pyrogenic)  (exo)toxins 


ENTEROTOXINS;  EMESIS,  DIARRHEA  IN  HUMANS  (FOOD  POISONING)  AND 
(A  to  E)  EXPERIMENTAL  ANIMALS,  SHOCK-LIKE  SYNDROME  IN  ANIMALS 
(PYROGENICITY,  HYPOTENSION,  ERYTHRODERMA) 

TSST-1;  MAJOR  FACTOR  IN  TSS  AND  TSS-LIKE  DISEASES,  FEVER, 

HYPOTENSION,  SCARLATINIFORM  SKIN  RASH,  DESQUAMATION, 
EMESIS  AND  DIARRHEA,  MULTIPLE-ORGAN-SYSTEM-DYSFUNCTION. 
ERYTHROGENIC  TOXINS;  SCARLET  FEVER,  TOXIC-SHOCK  SYNDROME,  HEART  DAMAGE, 
(A,  B,  C)  SKIN  RASH,  DESQUAMATION,  MULTIPLE-ORGAN-SYSTEM 

DYSFUNCTION. 


References;  1,3,15,21,27,29. 


Structural  homology  in  amino  acid  and  nucleotide  sequences  have  been 
shown  between  the  enterotoxins  and  erythrogenlc  toxins  but  not  for 
TSST-1  (table  4). 

Table  4.  Structural  relationship  between  staphylococcal  enterotoxins 
TSST-1  and  streptocccal  erythrogenlc  toxins 


.  AMINO  ACID  (AA)  and  NUCLEOTIDE  SEQUENCES  KNOWN  FOR;  SEA,  SEB,  SECl, 
SEE  ;  TSST-1;  ETA,  ETC. 

.  COMPUTER  -  AIDED  ANALYSIS  OF  MATURE  TOXIN  AA  SEQUENCES  AS  WELL  AS 
NUCLEOTIDE  SEQUENCES  INDICATE  SIGNIFICANT  HOMOLOGY  AND  HIGHLY 
CONSERVED  REGIONS  BETWEEN  EACH  OF  THESE  TOXINS  EXCEPT  FOR  TSST-1. 
HOWEVER  CONSIDERABLE  SEQUENCE  DIVERGENCE  HAS  OCCURED  WITHIN  THESE 
FAMILIES  OF  IMMUNOCYTOTROPIC  TOXINS. 

.  THE  HOMOLOGY  IS  REFLECTED  BY  IMMUNOLOGIC  CROSS-REACTIVITY. 

.  A  COMMON  EVOLUTIONARY  ANCESTOR  IS  SUGGESTED. 


References:  3,26,30. 


In  the  next  paragraphs  we  describe  some  experimental  aspects  of  the 
interaction  of  ETA  and  TSST-1  with  immune  cells  investigated  in  our 
laboratory.  We  shall  summarize  in  the  discussion  some  of  the  recent 
data  concerning  the  mitogenic  properties  of  these  toxins  and  of  SE  in 
the  context  of  their  behavior  as  superantigens. 
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MITOGENIC  EFFECTS  OF  ERYTHROGENIC  TOXIN  A 

We  have  previously  shown  that  this  toxin  is  a  jotent  polyclonal 
mitogenic  activator  of  T  cells  in  mice,  rabbits  and  humans  (6,8).  It 
also  acts  as  an  immunomodulator  ( immunosuppression/ad juvant  properties 
depending  on  our  experimental  conditions)  (8)  and  triggers  the  release 
of  Interferon  ^  upon  T  cell  stimulation  (7).  It  stimulates  B  cell 
polyclonal  secretion  of  immunoglobulins  in  mice,  rabbits  and  human  (8). 
The  study  of  toxin  mitogenicity  on  CD4'’’  and  CDS'*"  T  lymphocyte 
subpopulations  separated  from  human  peripheral  blood  lymphocytes 
clearly  showed  that  ETA  almost  exclusively  induced  the  proliferation  of 
the  helper  (CDA"*")  T  cell  subset.  In  contrast  the  cytotoxic/suppressor 
(CDS)  T  cell  subset  did  not  significantly  proliferate  (2).  Accessory 
non  T  cells  (a  mixture  of  B  cells  and  monocytes)  were  necessary  to 
induce  the  proliferation  of  CD4  T  lymphocytes.  The  eventual  role  of 
interleukin-2  (IL-2)-activation  pathway  in  the  reactivity  to  ET  was 
investigated.  IL-2  was  measured  in  the  supernatants  of  cell  cultures 
stimulated  with  the  toxin.  We  also  determined  the  number  of  IL-2 
receptor  (Tac‘*‘/CD25''')  expresing  cells.  Cells  expressing  the  receptor 
were  noted  as  early  as  day  2,  and  their  number  peaked  on  day  5.  IL-2 
activity  in  culture  supernatants  was  low  peaking  on  day  2  suggesting 
that  this  lymphokine  was  progressively  adsorbed  on  activated  T  cells  at 
the  same  rate  as  that  of  its  production  (Korinek,  Brisson,  Geoffrey, 
Alouf  and  Gluckman,  in  preparation).  The  apparent  specificity  of  ETA 
for  CD4'*'  T  cells  led  us  to  investigate  toxin  effect  on  the  production  of 
AIDS  virus  HIV-1  peripheral  blood  incubated  with  mononuclear  and  CDA"*" 
cells  and  stimulated  thereafter  with  either  ETA  or  phytohemagglutinin 
(PHA).  HIV-1  production  assessed  by  the  assay  of  reverse  transcriptase 
in  cell  supernatant  appeared  earlier  after  stimulation  with  ETA  and  was 
6  to  lO-fold  greater  than  after  stimulation  by  PHA  (2).  This  finding  may 
have  important  clinical  significance  for  HIV-infected  subjects  who 
acquire  S.  pyogenes  infections  with  in  vivo  production  of  ETA.  The 
toxin  may  enhance  HIV-1  replication  and  contribute  to  the  development 
of  immunodeficiency. 


INTERACTION  OF  TSST-1  WITH  LYMPHOCYTES,  MONOCYTES  AND  THEIR  PRECURSORS 

This  toxin  is  known  to  stimula*’?  both  CD4  and  CDS  T  cells  (3,4,26).  The 
pyrogenic  effects  and  shock  induction  led  us  to  investigate  whether 
tumor  necrosis  factor  (TNFo(,  also  known  as  cachectin)  might  be 
released  by  TSST-1  challenged  monocytes  similarly  to  the  case  of 
endotoxins  for  which  TNF^was  shown  to  be  an  important  mediator  of  its 
toxicity  and  pyrogenicity .  Indeed,  TSST-1  induced  at  very  low  doses 
(0.1-1000  ng)  the  production  of  high  level  of  TNF(jt  from  human  monocytes 
(9,19)  and  rabbit  monocytes  (9)  in  a  dose-dependent  manner.  This 
finding  was  confirmed  by  other  authors  for  TSST-1,  ETA,  SEB  and  SECl 
(10,18,25).  Enriched  preparations  of  lymphocytes  challenged  with  TSST-1 
were  shown  to  produce  interferon  and  TNF^  (19).  The  production  of  IL- 
2  was  also  demonstrated  (19,22).  When  the  lymphocytes  were  stimulated 
with  phorbolmyristate  acetate,  TSST-1  effect  was  strongly  potentiated 
and  the  levels  of  the  above-mentioned  lymphokines  was  greatly  increased 
(19).  Massive  amounts  of  interleukin-1  have  been  also  shown  to  be 
produced  by  incubation  of  TSST-1  with  monocytes  (16,17,18,24,26). 
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Recently  the  effects  of  TSST-1  on  murine  hematopoiesis  were 
investigated  (16)  particularly  as  regards  the  proliferation  and 
differentiation  of  murine  granulocyte-macrophage  progenitor  cells 
(CFU-culture)  and  the  eventual  role  of  endotoxin.  TSST-1  had  no  direct 
effect  on  the  proliferation  on  CFU-culture  and  was  unable  to  influence 
the  CSF-induced  proliferation  and  differentiation  of  these  progenitors. 
In  contrast,  the  toxin  was  a  potent  inducer  in  spleen  cell  cultures  of  a 
factor  with  an  ability  to  induce  both  colony  formation  by  bone  marrow 
cells  and  proliferation  of  an  IL- 3-dependent  cell  line.  Nanogram 
amounts  of  TSST-1  were  able  to  induce  the  release  of  CSF  activity  in 
spleen  cell  cultures  from  both  normal  and  LPS-hyporesponsive  mice. 
Cells  from  C3H/HeJ  mice  were  as  responsive  as  cells  from  C3H/He  Pas 
mice.  Furthermore,  in  spleen  cell  cultures  from  normal  mice,  TSST-1  and 
LPS  did  not  act  synergistically  to  induce  CSF  activity.  Nanogram 
amounts  of  TSST-1  were  also  able  to  induce  CSF  activity  in  vivo  but 
failed  to  induce  IL3-activity  in  the  serum  and  organ-conditioned  media 
from  TSST-1- treated  mice. 


TOXIN  RECEPTORS  ON  MONOCYTES  AND  LYMPHOCYTES 

A  great  advance  has  been  made  in  the  past  two  years  concerning  the 
receptors  involved  in  T  cell  proliferation  in  response  to  stimulation 
with  staphylococcal  enterotoxins  and  TSST-1.  The  data  obtained 
(5,11,12,13,14,20,28,31)  may  be  summarized  as  follows: 

1.  Enterotoxins  A  to  E  and  TSST-1  are  extremely  potent  polyclonal 

mitogens  for  human  and  murine  T  lymphocytes.  However  they  are  not 
indiscriminate  mitogens  stimulating  all  T  cells.  On  the  contrary  each 
toxin  tested  reacts  only  with  T  cells  (CD4  and  CDS)  expressing 
particular  domains  in  their^ii/y3  receptor  (V^j,  dfi,  Jji)  almost 

regardless  of  the  other  components  of  the  TCR.  Each  toxin  is  specific 
for  a  selective  Vyfl  sequence  (SEB:  V.3,  V.8;  SEA:  V.3,  V.ll  in  murine 
system)  thus  mimicking  a  strong  alloreactive  response. 

2.  SE  and  TSST-1  are  unable  to  bind  directly  and  stimulate  T  cells.  They 
require  prior  binding  to  accessory  cells  (monocytes,  B  cells,  RAJI 
cells,...)  that  express  class  II  MHC  molecules  (HLA-DR,  lA-IE)  to 
interact  with  and  activate  the  appropriate  V;8  specific  T  cells. 
Accessory  cell  binding  is  not  restricted  by  the  haplotype  of  the 
responder  and  is  independent  of  class  II  allotype  or  isotype.  Any 
allogeneic  or  xenogeneic  class  II  molecules  can  reconstitute  T  cell 
response  to  SE  (no  restriction  by  polymorphic  determinants  of  HLA 
molecules) . 

3.  The  stimulation  of  T  cells  by  SE  and  TSST-1  is  presently  considered 
as  a  process  inolving  physical  association  of  the  toxins  with  a  non 
polymorphic  part  of  accessory  cells,  HLA  class  II  molecules.  SE  do  not 
require  processing  to  stimulate  T  cells.  The  toxin  is  presented  by  HLA- 
DR  or  lA-IE  antigens  to  the  appropriate  elements  of  the  TCR  through  a 
selective  cross-linked  TCR/CD3-CMH  class  II  associated  structure. 

4.  The  specificity  of  these  toxins  for  vis  puts  them  in  the  recently 
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described  class  of  the  so-called  "superantigens"  and  may  account  for 
the  differential  sensitivity  of  different  individuals  to  the  toxic 
effects  of  these  proteins. 

The  enterotoxins  share  the  "superantigenic"  properties  with  the 
enigmatic  self  antigens  in  mice:  Mls-1^  and  Mls-2^.  This  shared 
property  is  unlikely  to  be  coincidental. 

5.  Neonatal  mice  given  enterotoxin  B  eliminate  all  mature  and  some 
immature  T  cells  bearing  the  particular  VSs,  demonstrate  that  tolerance 
to  exogeneously  administered  antigen  could  be  caused  by  clonal  deletion 
of  reactive  T  cells. 

6.  These  recent  results  provide  new  unexpected  insights  into  the 
mechanisms  of  action  of  certain  highly  pathogenic  bacterial  toxins.  The 
ability  of  SEA  to  bind  class  II  molecules  and  activate  large  numbers  of 
T  cells  with  overlapping  specificities  raises  the  possibility  that 
exposure  to  such  bacterial  products  in  vivo  may  underlie  diseases, 
including  several  autoimmune  disorders  in  which  T  cells  that  share 
common  receptor  determinants  are  activated.  The  hypothesis  that  MHC 
class  I  and  II  molecules  are  receptors  for  bacterial  products  has  long 
been  postulated,  for  example,  in  the  pathogenesis  of  ankylosing 
spondylitis. 
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ABSTRACT 

The  iga  genes  of  pathogenic  Neisseria  code  for  large  precursor  proteins  that  give  rise  to 
two  extracellular  products,  the  mature  IgA  protease  and  the  o-protein.  Our  mutational 
analysis  of  the  iga  gene  from  N.  gonorrhoeae  MSI  I  revealed  that  the  a-protein  is  not 
essential  for  either  IgA  protease  secretion  or  for  enzymatic  activity.  Instead,  the  primary 
structure  of  a-proteins  shows  two  striking  features:  (i)  amino  acid  sequences  reminiscent  of 
nuclear  transport  signals  from  eucaryotic  cells,  and  (ii)  apparent  homology  with  the  nucleic 
acid  binding  moieties  of  proteins.  The  ability  of  the  a-protein  to  function  as  a  nuclear 
transport  signal  has  been  demonstrated  using  chimeric  proteins  produced  in  eucaryotic 
cells,  where  the  hybrids  localized  exclusively  in  the  nuclei.  This  finding  suggests  a 
messenger-like  function  for  the  a-proteins  in  the  interaction  of  pathogenic  Neisseria  with 
eucaryotic  cells. 


INTRODUCTION 

IgA  proteases  are  cxtracellularly  secreted  by  a  variety  of  medically  important  gram  positive 
and  gram  negative  bacteria  (9,  20,  21).  These  enzymes  specifically  cleave  IgA  I  into  Fab 
and  Fc  fragments  and  hence  probably  interfere  with  the  action  of  one  of  the  predominant 
immunoglobulins  in  mucosal  secretions  (10,  18,  27).  The  specificity  of  IgA  proteases  for 
human  immunoglobulin  and  their  association  with  pathogens  infecting  the  human  mucosal 
tissues  suggests  that  these  enzymes  play  a  role  in  bacterial  pathogenesis  (11),  although 
direct  evidence  for  their  contribution  to  virulence  is  missing. 

The  IgA  proteases  of  Neisseria  gonorrhoeae  and  the  iga  genes  have  been  studied 
extensively  (4,  12).  Characterization  of  the  mature  extracellular  enzymes  and  analyses  of 
cloned  iga  genes  from  various  strains  reveals  that  the  proteases  are  initially  produced  as 
large  precursor  proteins  with  molecular  weights  of  approximately  170  kDa  (5,  22).  In  these 
precursors  four  domains  can  be  distinguished  on  the  basis  of  functional  and  structural 
properties:  (i)  an  amino  terminal  signal  peptide  which  is  assumed  to  direct  transport 
through  the  inner  bacterial  membrane,  (ii)  the  protease  domain  of  100  to  110  kDa,  (iii)  the 
a-domain,  which  is  strongly  hydrophilic  and  predicted  to  be  a-helical,  and  (iv)  the 
carboxy  terminal  B-domain  (previously  called  helper)  harbouring  the  functions  essential  for 
the  transport  of  the  protec'e  and  the  a-domain  across  the  outer  membrane  (17,  22).  In 
addition  to  the  processing  of  the  amino  terminal  signal  peptide  by  a  signal  pe'ylidase, 
autoproteolysis  of  the  precursor  plays  a  key  role  in  the  secretion  and  maturation  of  IgA 
protease.  Three  proline-rich  regions  in  the  precursor,  homologous  to  the  cleavage  site  in 
the  hinge  region  of  IgAl,  are  used  as  autoproteolytic  sites  (22,  23).  Cleavage  at 
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Figure  1.  Model  for  the  extracellular  secretion  of  IgA  protease  and  a-proteins.  Arrow 
indicates  autoproteolytic  site  V.  (For  further  details  see  Text  and  Ref.  22) 


these  sites  leads  to  the  separation  of  an  extracellular  intermediate,  PI21.  consisting  of  IgA 
protease-  and  a-domains,  from  the  outer  membrane-associated  B-domain.  The  extracellular 
PI2I  finally  developes  into  the  two  stable  polypeptides,  the  mature  IgA  protease  and  the 
a-protein. 

Two  groups  of  iga  genes  'Hj  and  H2)  can  be  distinguished  in  N.  gonorrhoeae  on  the 
basis  of  the  structure  and  size  of  their  a-proteins  (5).  H  iga  genes  specify  an  a-domain  of 
15  kDa  and  a  B-domain  of  45  kDa,  while  H2  genes  code  for  an  a-domain  of  26  kDa  and  a 
0-domain  of  33  kDa.  Further  variations  have  been  observed  in  N. meningitidis 
(unpublished  data).  This  structural  polymorphism  suggests  that  conservation  of  the  o- 
protein  is  not  required  for  the  extracellular  transport  or  the  activity  of  IgA  protease.  In 
fact,  our  analyses  rule  out  active  participation  of  the  a-protcins  in  protein  secretion.  Our 
detection  of  functional  nuclear  transport  signals  instead  suggests  a  role  for  o-proteins  m 
the  interaction  of  the  pathogen  with  eucaryotic  cells. 


MATERIALS  AND  METHODS 

Construction  and  analysis  of  delet.on  derivatives. 

Deletions  were  introduced  at  the  unique  BstXI  site  in  the  a-protein  encoding  region  of  the 
iga  gene  of  N.  gonorrhoeae  MSII.  Bal3l  exonucicase  was  used  essentially  as  recommended 
in  the  laboratory  manual  of  Maniatis  et  al.,  (16).  Recombinant  E.coli  clones  containing  the 
plasmid-encoded  iga  deletion  derivatives  were  tested  for  Ig.A  protease  activity  (4).  The 
arr  ounts  of  secreted  IgA  protease  in  culture  supernatants  of  positive  clones  were  analysed 
by  SDS  polyacrylamide  gel  electrophoresis  (14).  The  deletions  in  the  iga  genes  of  positive 
subclones  were  characterized  by  restriction  mapping  of  the  plasmids  and  double  stranded 
DNA  sequencing  (28). 
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Construction  of  hybrid  genes. 

The  a-protein  encoding  DNA  fragment  was  amplified  from  the  iga  gene  of  N.gonorrhoeae 
R16  (pIP2,  ref.  5)  using  the  polymerase  chain  reaction  (PCR)  technique  (25).  Taq 
polymerase  and  two  synthetic  oligonucleotide  primers  were  used  in  a  thermal  cycler 
(Perkin  Elmer)  according  to  the  manufacturers  protocols.  The  amplified  DNA  fragment 
was  digested  with  appropriate  restriction  enzymes  and  inserted  into  the  iel  gene  on  a 
plasmid  digested  with  the  same  endonucleases.  After  transformation  into  E.coli,  subclones 
were  identified  by  physical  mapping  of  the  plasmid  DNA.  The  correct  insertion  of  the 
amplified  DNA  fragment  was  confirmed  by  double  stranded  DNA  sequencing  (28). 

Expression  and  localization  of  chimeric  proteins. 

Control  plasmids  and  the  plasmids  containing  the  hybrid  iga  genes  were  prepared  and 
transfected  into  a  mouse  fibroblast  cell  line  (Ltk')  using  standard  methods.  Cells  were 
fixed  with  a  mixture  of  paraformaldehyde  and  glutaraldehyde  (l%/0.5%),  permeabilized 
with  0.5%  Triton  X-100,  and  the  fusion  proteins  were  localized  by  indirect 
immunofluorescence.  For  detection  of  pp89  a  monoclonal  antibody  was  used  in 
combination  with  FITC-conjugated  polyclonal  anti-mouse  IgG  serum.  In  addition  a 
polyclonal  rabbit  serum  (a-fpSO,  ref.  5)  was  used  in  combination  with  FITC-conjugated 
Protein  A  to  detect  the  a-portion  in  the  chimeric  proteins. 


RESULTS 

Gonococcal  iga  genes  have  the  unique  ability  to  direct  selective  extracellular  secretion  of 
active  IgA  protease  in  other  gram  negative  bacteria,  including  E.  coli  (2,  17).  The  E.  coli 
system  provides  a  suitable  environment  for  the  analysis  of  a-protein  participation  in  the 
secretion  process  and  in  the  enzymatic  activity  of  IgA  protease.  To  study  this  we  made 
Bal31  exonuclease  deletions  from  the  BstXI  site,  which  is  located  in  the  region  of  the  iga 
gene  encoding  the  a-domain  (Fig.  2).  Deletion  mutants  giving  rise  to  active  IgA  protease 
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Figure  2.  The  top  line  shows  the  physical  map  of  the  cloned  iga  gene  fragment  from 
N.gonorrhoeae  MSll.  The  solid  line  indicates  the  open  reading  frame  encoding  the  IgA 
protease  precursor.  The  linear  structure  of  the  precursor  consisting  of  the  leader  peptide 
(L),  the  protease  domain  (P),  the  a-domain  (a)  and  the  8-domain  (8)  are  indicated  below. 
Location  and  extent  of  the  largest  IgA  protease  positive  deletion  in  the  precursor  are 
shown  in  the  lower  part  of  the  figure. 
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in  culture  supernatants  were  identified  by  SDS  polyacrylamide  gel  electrophoresis  and  in 
an  enzyme  activity  assay  (4). 

An  example  of  a  deletion  removing  the  majority  of  the  a-domain  and  an  amino 
terminal  part  of  the  B-domain  is  presented  in  Figure  2.  This  deletion,  of  128  amino  acids, 
does  not  cause  loss  of  active  extracellular  IgA  protease,  even  though  the  autoproteolytic 
cleavage  site  ‘c’  has  been  lost.  While  most  deletions  in  the  a-domain  lead  to  an  increase  in 
protease  secretion,  deletions  extending  further  into  the  B-domain  result  in  decreasing 
amounts  of  extracellular  protease  (data  not  shown).  This  clearly  demonstrates  that  the  a- 
domain  has  no  essential  role  in  the  secretion  and/or  maturation  of  the  IgA  protease. 

Nearby  the  carboxy  terminus  of  the  MSI  I  a-protein  a  remarkable  sequence  consisting 
of  six  positively  charged  amino  acids  preceeded  by  a  proline  residue  is  located  (Fig.  3a). 
Similar  clusters  of  positively  charged  amino  acids  in  combination  with  a  proline  residue  are 
found  in  the  nuclear  location  signals  responsible  for  the  transport  of  proteins  into  the 
nucleus  of  eucaryotic  cells.  A  well  characterized  signal  is  contained  in  the  Simian  Virus  40 
T  antigen  (Fig.  3a)  (6,  7).  While  the  MSI  I  a-protein,  encoded  by  an  iga-H|  gene,  carries 
only  one  such  sequence,  we  found  four  similar  sequences  in  the  H2  a-proteins  produced 
by  N.  gonorrhoeae  strains  RI6  and  NG74  (Fig.  3a),  even  though  the  overall  sequence 
composition  of  Hj  and  H2  a-proteins  differs  extensively  (5).  Gonococcal  iga  genes  share 
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Figure  3:  Sequence  characteristics  of  a-proteins.  (a)  Comparison  of  putative  nuclear 
location  signals  (NLS)  of  Neisseria  proteins  and  SV40  T  antigen.  Amino  acid  sequences  of 
proteins  were  deduced  from  N.  gonorrhoeae  MSI  l/R I6/NG74  (5,  22)  and  N.  meningitidis 
B1939  (R. Halter,  unpublished)  DNA  sequences.  The  nuclear  transport  signal  (NLS)  of  the 
SV40  T  antigen  has  been  described  in  several  publications  (6,  7).  (b)  Comparison  of 
putative  DNA  binding  domains.  Amino  acids  printed  in  bold  indicate  identical  residues, 
while  underlined  positions  mark  similar  amino  acids.  The  amino  acid  sequences  are  derived 
from:  IF-2,  E.  coli  initiation  factor-2  (24);  sea  urchin  histon  HI  (I);  ftz.  Drosophila  fushi 
tarazu  (15);  HMG  17,  high  mobility  group  protein  17  (3)  and  the  procaryotic  repressor 
proteins  cl  and  TetR  (19). 
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homology  with  the  iga  genes  of  N.  meningitidis  (13).  Therefore  we  performed  a  partial 
DNA  sequence  analysis  of  the  iga  gene  from  N.meningitidis  B1939  and  found  a  similar 
transport  signal  at  the  carboxy  terminus  of  the  predicted  a-protein  (Fig.  3a). 

The  o-proteins  are  strongly  basic,  with  a  pi  between  10  and  12,  and  their  sequence 
predicts  an  extraordinary  long  a-helix  of  approximately  80  amino  acids.  This  helical 
structure  consists  of  short  amino  acid  sequences  that  are  repetitively  arranged  and  show 
homologies  with  the  putative  binding  motifs  of  nucleic  acid  binding  proteins.  Figure  3b 
provides  examples  of  such  putative  DNA  binding  motifs  in  different  gonococcal  a-protein 
variants  compared  with  the  binding  domains  of  various  procaryotic  and  eucaryotic 
proteins.  Homologies  are  particularly  evident  for  one  of  the  a-helices  in  the  so-called 
‘helix  turn  helix  motif,  that  is  common  to  many  procaryotic  and  eucaryotic  DNA  binding 
proteins  such  as  cl,  TetR,  ftz  (15,  19).  Homology  also  exists  with  the  translation  initiation 
factor  lF-2  of  E.  coli,  and  the  DNA  binding  proteins  HMG17  and  histon  HI.  For  histon 
HI  the  sequence  shown  is  found  in  a  large  region  which  is  predicted  to  take  up  an  a- 
helical  conformation  and  to  be  responsible  for  the  interaction  with  DNA  (I). 

To  assess  the  question  of  whether  the  observed  sequence  homology  to  nuclear  location 
signals  is  sufficient  for  the  nuclear  transport  of  a-proteins,  we  constructed  hybrid  genes. 
An  approach  commonly  used  to  identify  potential  nuclear  location  signals  (NLS)  is  to 
construct  hybrid  genes  containing  the  putative  NLS  sequence  fused  to  a  test  gene  that 
encodes  a  cytoplasmically  located  protein.  For  this  purpose  we  constructed  fusions 
substituting  the  R16  a-protein  for  different  portions  of  the  mouse  cytomegalo  virus  IE 
pp89  protein,  which  is  encoded  by  the  viral  iel  gene  (8).  Expression  of  the  wildtype  iel 
gene  (contained  on  plasmid  p37/3)  leads  to  a  nuclear  location  of  the  pp89  protein  in 
eucaryotic  cells,  presumably  due  to  a  NLS  sequence  coded  by  the  3’-part  of  the  iel  gene 
(8);  in  contrast,  mutant  construct  p60/l,  containing  a  gene  devoid  of  putative  NLS  coding 
sequences,  gives  rise  to  a  protein  exhibiting  cytoplasmic  location  (H.  Volkmer  et  al., 
manuscript  in  preparation).  The  mutant  pp89  protein,  against  which  monoclonal  antibodies 
have  been  raised,  was  therefore  used  as  an  immunological  reporter  for  the  location  of 
chimeric  a-proteins  (Fig.  4). 
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Fig.  4.  Structure  of  chimeric  pp89/a-proteins.  The  fusion  proteins  fpl  and  fp2  are 
encoded  by  plasmids  pULI  and  pUL2,  respectively.  The  dotted  sections  indicate  the  pp89 
portions  while  the  hatched  sections  represent  the  H2  type  a-protein  of  N.  gonorrhoeae 
RI6.  The  black  dots  indicate  the  positions  of  the  putative  nuclear  transport  signals  in  the 
a-protein.  The  approximate  molecular  weights  of  fpl  and  fp2  are  90  and  30  kDa, 
respectively. 
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To  achieve  this,  the  gene  fragment  encoding  the  a-protein  was  enzymatically  amplified 
from  the  N.  gonorrhoeae  R16  iga  gene  using  the  PCR  technique  (25).  The  oligonucleotide 
primers  included  flanking  restriction  sites  and  thus  facilitating  subcloning.  The  resulting 
plasmid,  pULl  contains  a  heterologous  gene  in  which  7%  (41  codons)  of  the  iel  gene  was 
substituted  by  205  ot-protein  codons  (Fig.  4).  In  pUL2,  93%  (555  codons)  of  the  viral  gene 
was  replaced  by  the  gonococcal  iga^  gene  fragment.  In  both  constructs,  the  hybrid  genes 
are  flanked  by  the  original  5’  and  3’  sequences  of  the  viral  gene  and  hence  contain  all 
necessary  expression  and  processing  signals. 

The  plasmids  pULl,  pUL2  and  the  control  plasmids  p57/3  and  p60/l  were  transfected 
into  mouse  Ltk'  ceils  in  order  to  determine  the  subceilular  localization  of  the  chimeric  and 
control  proteins  by  indirect  immunofluorescence  microscopy.  Figure  5  shows  representative 
micrographs  of  the  transfected  cells.  For  detection  of  the  proteins,  polyclonal  rabbit 
antiserum  raised  against  the  R16  o-protein,  and  a  monoclonal  antibody  directed  against  the 
pp89  protein  were  used.  Cells  transfected  with  plasmids  pUL!  and  pUL2,  which  direct  the 
expression  of  chimeric  proteins,  showed  a  characteristic  staining  of  the  nuclei.  The  large 
fusion  protein  fpl  (pULl)  caused  an  even  distribution  of  fluorescence  throughout  the 
nucleoplasm,  including  nucleolar  structures  (Fig.  5a).  In  contrast,  the  small  hybrid  protein 
fp2,  expressed  from  pUL2,  led  in  many  cases  to  small  areas  of  bright  staining,  which 
possibly  correspond  to  nucleolar  regions  (Fig  5b).  The  monoclonal  antibody  raised  against 
pp89  demonstrated  the  nuclear  localization  of  the  wildtype  pp89  protein  (Fig.  5c)  and  fpl 
(data  not  shown),  which  also  contains  the  pp89  antigenic  epitope.  In  contrast,  the  mutant 
pp89  protein  expressed  from  p60/l  was  localized,  using  the  monoclonal  antibody,  to  the 
cytoplasm  of  transfected  cells.  Cells  transfected  with  p57/3,  p60/l  or  pUL2  did  not  stain 
with  either  anti-a-proteiu  serum  (p57/3  and  p60/l)  or  the  anti-pp89  monoclonal  antibody 
(pUL2).  These  results  clearly  demonstrate  that  the  a-protein  of  N. gonorrhoeae  R16  can 
substitute  for  the  natural  NLS  of  the  viral  pp89  protein,  and  consequently  direct  the 
chimeric  proteins  to  the  cell  nucleus. 


Fig.  5.  Subceilular  location  of  chimeric  proteins.  Mouse  fibroblasts  (Ltk‘)  were  transfected 
with  four  different  plasmids.  The  location  of  plasmid-encoded  proteins  was  analysed  by 
indirect  immunofluorescence  microscopy.  Panels  (a  to  d)  show  cells  transfected  with  pULl 
(fpl),  pUL2  (fp2),  p60/l  (pp89-NLS~)  and  p57/3  (wt  pp89),  respectively. 
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DISCUSSION 

We  investigated  the  influence  of  a-domain  deletions  in  the  IgA  protease  nrecursor  on  the 
extracellular  secretion  of  the  protease  from  gram  negative  bacteria,  and  on  its  enzymatic 
activity.  For  this  analysis  we  used  an  E.  coli  system  which  offers  advantages  in  the  genetic 
manipulation  and  in  the  detection  of  secreted  proteins.  Since  the  IgA  protease  is  selectively 
secreted  from  recombinant  E.  coli  cells,  and  the  same  transport  intermediates  and  end 
products  appear  in  the  supernatant,  as  compared  with  Neisseria,  it  is  a  powerful  system  for 
such  analyses  (22).  We  found  no  negative  effect  of  a-protein  deletions  on  the  secretion  or 
on  the  enzymatic  activity  of  IgA  protease.  In  contrast,  we  observed  increased  IgA  protease 
secretion  from  some  of  the  a-mutants.  This  supports  the  hypothesis,  that  the  a-protein  has 
no  helper  function  in  secretion,  as  was  initialy  supposed  (22),  but  instead  is  a  factor  co¬ 
secreted  with  IgA  protease,  which  has  no  role  in  the  cleavage  of  IgAl.  Therefore  another 
selective  advantage  ought  to  exist  that  maintains  the  association  of  a-protein  with  the  IgA 
protease.  Since  pathogenic  Neisseria  exist  exclusively  in  close  relation  with  the  human  host, 
this  advantage  could  be  related  with  an  aspect  of  virulence  other  than  IgAl  cleavage. 

The  structural  characteristics  which  are  commonly  found  in  a-proteins  of  pathogenic 
Neisseria  match  well  with  this  hypothesis.  Although  there  are  extensive  variations  found  in 
the  size,  and  in  the  overall  amino  acid  sequence  of  neisserial  a-proteins  (5),  the  putative 
functional  domains  consisting  of  the  nuclear  location  signals  and  DNA  binding  domains 
seem  to  be  highly  conserved.  The  results  derived  from  the  expression  and  localization  of 
o-protein  hybrids  in  eucaryotic  cells,  clearly  show  that  there  is  a  nuclear  location  signal  in 
the  a-protein  of  N.  gonorrhoeae  RI6.  However,  it  remains  to  be  shown  if  the  short  amino 
acid  sequence  which  is  conserved  among  a-proteins,  and  shows  sequence  homology  to 
characterized  nuclear  location  signals  (NLS),  is  sufficient  for  the  transport  effect  observed 
with  the  chimeric  proteins.  This  question  is  better  addressed  using  the  o-protein  of  N. 
gonorrhoeae  MSll,  since  this  protein  contains  only  one  potential  NLS,  in  contrast  to  the 
four  possible  signals  in  the  R16  polypeptide.  In  addition  to  the  putative  nuclear  location 
signal,  the  basic  feature  of  the  a-proteins,  their  predicted  o-helical  conformation  and  the 
repetitions  of  amino  acid  sequences  homologous  to  nucleic  acid  interacting  proteins, 
suggest  a  function  for  a-proteins  in  the  nuclei  of  host  cells. 

During  the  initial  steps  of  cellular  invasion  bacteria  are  surrounded  by  a  phagosomal 
membrane.  Pathogens,  however,  have  evolved  strategies  either  to  survive  inside  the 
vacuoles  or  to  destroy  the  membrane  and  therefor  get  access  to  the  cytoplasm.  For 
Neisseria  it  is  still  not  clear  whether  they  are  always  enclosed  by  an  intact  vacuole 
membrane  (26,  29).  If  the  bacteria  are  enclosed,  a-proteins  would  have  to  overcome  a 
third  membrane  after  leaving  the  bacterial  cell  to  reach  the  cytoplasm  and  the  nucleus  of 
the  host  cell.  Alternatively  a-proteins  might  be  taken  up  from  the  extracellular 
environment  by  non-invaded  host  cells.  The  recent  development  of  cell  culture  models  for 
bacterial  invasion  for  a  number  of  different  pathogens  should  provide  a  better  insight  into 
the  function  of  a-proteins. 
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A  variety  of  bacteria  produces  toxins  with  polyclonal  activating 
potential  for  T  lymphocytes  of  several  species.  Important  examples  of 
these  mitogenic  toxins  are  the  staphylococcal  enterotoxins  (SE)  produced 
by  certain  strains  of  Staphylococcus  aureus,  which  cause  food  poisoning 
in  humans.  Several  characteristics  of  these  toxins  have  been  reported 
and  have  been  summarized  at  this  conference  by  Dr.  Joseph  E.  Alouf. 
Therefore  we  here  confine  ourselves  to  a  few  aspects  of  the  Induced  T 
cell  activation  and  to  various  features  of  TNF  production  induced  by  SEA, 
which  has  not  previously  been  reported. 

An  extraordinary  feature  is  the  extremely  high  T  cell  activating  potency 
of  the  toxins,  being  active  over  a  wide  range  of  concentrations  from 
nanogram/ml  to  fractions  of  a  picogram/ml  (1).  Despite  this  high 
efficiency  no  direct  binding  of  SE  to  T  cells  can  be  detected  and  no 
activation  occurs  In  the  absence  of  accessory  cells  (1,  2).  Besides 
monocytes  normal  B  cells  and  various  B  cell  lines  (eg.  RAJI)  are 
efficient  accessory  cells  (1).  These  cells  all  bind  the  SE  efficiently  and 
they  all  express  MHC  class  II  molecules  Binding  of  SE  to  the  surface  of 
the  cells  without  processing  appears  to  be  sufficient  for  the  activation 
of  added  T  cells  since  formalln-flxed  RAJI  cells  are  as  efficient  as 
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Viable  cells  (l).  The  two  monocytic  cell  lines  U937  and  THP-l,  which 
lack  HLA-DR  expression  but  function  as  efficient  accessory  cells 
supporting  PHA-induced  T  cell  activation,  cannot  support  SE-induced 
activation  and  fail  to  bind  SE  to  their  surface  (1).  Similarly,  whereas 
SEA  binds  well  to  RAJI  cells  it  fails  to  bind  to  the  RJ2.2,5  cell  line, 
which  is  a  class  ll-negative  mutant  of  RAJI  (3). 

On  the  basis  of  the  mentioned  circumstancial  evidence  we  have 
investigated  the  molecular  basis  for  binding  of  SEA  to  accessory  cells 
and  have  identified  HLA-DR  as  the  molecule  mainly  responsible  for 
binding  of  SEA  to  accessory  cells  (4).  One  distinct  SEA-binding  molecular 
band  of  Up  60-65  kOa  was  demonstrated  by  electrophoresis  of  detergent 
extracts  of  the  B  cell  lymphoma  line  RAJI.  A  newly  established  mAb  G8 
selected  to  block  the  binding  of  SEA  to  RAJI  cells  was  shown  to  bind  to 
the  HLA-DR  molecule.  Similarly,  another  anti-HLA-DR  mAb  9-49  was 
demonstrated  to  block  the  binding  of  SEA  to  RAJI  cells.  Both  these  mAb 
also  blocked  SEA-induced,  but  not  PHA-induced,  T  cell  activation. 
Immunoprecipitation  with  specific  anti-HLA-DR  and  anti-HLA-DQ  mAb 
indicated  that  SEA  binds  to  HLA-DR  but  not  to  HLA-DQ.  To  confirm  this 
further  it  was  shown  that  binding  of  SEA  to  RAJI  cells  followed  by 
cross-linking  and  detergent  solubilization  of  the  cell  membranes,  PAGE, 
and  Western  blotting  resulted  in  two  SEA-containing  bands  (90  and  105 
kOa).  The  of  90  kDa  corresponds  well  to  the  predicted  size  of  HLA-DR 

♦  SEA.  Both  the  molecular  bands  contained  HLA-DR  as  demonstrated  by 
binding  of  on  anti-HLA-DR  mAb.  Further  evidence  implicating  HLA  class  II 
molecules  in  the  binding  of  SEA  has  been  reported  (3)  showing  that 
mouse  fibroblasts  transfected  with  DR,  DP  or  DQ  bound  SEA  and  also 
supproted  T  cell  activation,  indicating  that  besides  DR  also  DP  and  DO 
may  be  involved  in  binding  of  the  SE  to  accessory  cells.  It  is  of  interest 

that  both  CD4  and  CD8  T  cells  and  even  yfi  TCR-bearing  CD4"CD8‘  cells 
are  activated  by  SE  (2),  despite  the  fact  that  only  MHC  class  II  molecules 
can  bind  the  SE. 

The  nature  of  the  interaction  between  SE  and  the  T  cells  that  results  in 
activation  of  these  cells  is  only  partially  clarified.  A  remarkable 
extensive  clonal  heterogeneity  in  the  T  cell  response  to  SE  has  been 
demonstrated  (2).  Certain  T  cell  clones  respond  to  one  SE  but  not  another, 
whereas  other  clones  respond  to  the  latter  SE  but  not  to  the  former.  In 
both  mice  and  man,  T  cell  responsiveness  to  a  certain  SE  has  been  shown 
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to  correlate  with  the  expression  of  particular  Vp  sequences  (5,  6).  This 

indicates  that  T  cell  activation  is  triggered  by  interaction  of  SE  with 
variable  parts  of  the  TCR.  Triggering  of  a  full  T  cell  activation  is 
entirely  dependent  on  SE  being  bound  to  MHC  class  II  molecules.  However, 
it  has  been  reported  that  SE  may  interact  directly  with  T  cells  in  the 
absence  of  class  II  molecules  resulting  in  a  partial  response  detectable 
only  as  a  rise  in  the  cytosolic  calcium  concentration  (2,  7),  The  role  of 
the  class  II  molecules  of  accessory  cells  in  the  full  T  cell  activution  is 
still  to  be  clarified. 


It  has  previously  been  established  that  the  toxic  shock  syndrome  toxin  I 
(TSST-1)  induces  human  peripheral  blood  mononuclear  cells  to  produce 
tumor  necrosis  factor  (TNF)  (8)  and  it  has  been  suggested  that  TNF  is 
involved  in  the  generation  of  shock.  We  have  investigated  the  potency  of 
SEA  to  Induce  TNF-a  and  TNF-p  production  by  human  monocytes  and  T 
lymphocytes  It  has  been  established  that  SEA  at  concentrations  of  less 
than  1  picogram/ml  induces  significant  TNF  production  by  human 
mononuclear  leukocytes.  Similarly  to  interferon-gamma  (IFN-y)  (9),  TNF 
production  requires  endogenous  or  exogenous  lL-2,  but  not  lL-4,  although 
T  cell  proliferation  is  promoted  by  both  lL-2  and  lL-4.  Kinetic  studies 
showed  that  maximal  TNF  activity  in  cell  supernatants  is  reached  after 
72  hours  of  culture.  Intracytoplasmatic  staining  of  TNF-a  and  TNF-p  by 
selective  mAb  (10)  revealed  an  early  production  of  TNF-a  after  6  hours 
both  in  monocytes  and  in  T  cells,  whereas  a  late  production  of  TNF-p 
after  24-48  hours  was  recorded  almost  exclusively  in  the  T  cells. 
Corresponding  kinetics  of  released  TNF  activity  was  demonstrated  in 
experiments  making  use  of  selective  Inhibition  by  monospecific  mAb  to 
distinguish  the  two  types  of  TNF.  The  main  lytic  component  produced  by 
human  mononuclear  cells  was  shown  to  be  TNF-p.  Equal  amounts  of  TNF-p 
were  produced  by  CD4  and  CD8  T  cells  whereas  a  fourfold  higher 
frequency  of  TNF-p  producing  cells  was  recorded  among  CD4  cells  using 
the  intracytoplasmatic  staining  technique.  Within  the  CD4  cell  population 

the  CD45R“  cell  subset  was  an  efficient  producer  of  both  TNF-p  and  IFN- 

Y,  whereas  the  CD45R'^  subset  produced  only  TNF-p  in  more  than  marginal 
amounts.  Production  of  TNF-a  by  monocytes  was  dependent  on  the 
presence  of  T  lymphocytes. 
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INTRODUCTION 

Pertussis  toxin  (PT) ,  one  of  several  toxins  produced  by  Bordetella 
pertussis,  is  composed  of  an  enzymatically  active  A  (SI)  subunit  and  a 
B  oligomer  made  up  of  five  subunits  (S2S4  and  S3S4  dimers  connected  by  S5), 
which  is  responsible  for  binding  of  the  toxin  to  the  eucaryotic  cell  surface 
(2).  Both  dimers  have  been  implicated  in  the  binding  process  (3),  and  direct 
binding  of  both  dimers  to  glycoproteins  has  been  demonstrated  (4) . 

Among  many  other  biological  activities,  PT  has  been  shown  to  be  a  T  cell 
mitogen.  The  toxin's  mitogenicity  appears  to  be  independent  of  its  enzymatic 
activity  since  the  isolated  B  oligo.ner  can  mimicic  the  effect  of  the 
holotoxin  (1,3).  A  positive  correlation  between  the  presence  of  the  CD3 
molecule  on  the  cell  surface  and  susceptibility  to  the  mitogenic  action  of 
the  toxin  was  also  reported  (1) .  In  this  study  we  have  investigated  the 
binding  of  PT  to  human  T  lymphocytes  using  Fluorescence  Activated  Cell 
Sorter  (FACS)  techniques. 


MATERIALS  AND  METHODS 

Peripheral  blood  lymphocytes  from  healthy  volunteers  were  isolated  on  a 
Ficoll-Hypaque  gradient  and  were  incubated  with  PT  (0.5  pg/lO®  cells)  in 
RPMI  medium  for  30  min.  Cells  were  washed  with  RPMI  and  subsequently 
incubated  with  rabbit  anti-PT  serum  and  FITC  labeled  mouse  anti-rabbit 
ant'  odies  to  detect  binding  of  PT  to  the  cell  surface,  in  combination  with 
phycoerythrin  (PE)  labeled  anti-CD3,  PE  anti-CD4  or  PE  anti-CD8  monoclonal 
antibodies  (MAB's)  (Becton  Dickinson)  as  cell  markers.  Binding  of  labeled 
ant:bc  .ies  was  evaluated  with  a  FACSCAN  flow  cyt ‘'meter  (Becton  nick- '  nson'  . 
In  inhibition  experiments,  PT  was  preincubated  with  unlabeled  anti-S2 
(18C9H3)  or  anti-S3  (2131G7)  MAB's  for  30  min  in  RPMI  before  being  added  to 
the  cells. 
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RESULTS  AND  DISCUSSION 


Relative  FITC  fluorescence 


Figure  l.FACS  analysis  of  the  binding  of  PT  to  CDS'*"  cells.  Human  lymphocytes 
were  incubated  without  PT  (A) ,  PT  only  (B) ,  PT  preincubated  with  MAB  18C9H3 
(anti-S2)  (C) ,  or  PT  preincubated  with  MAB  2131G7  (anti-S3)  (D)  as  described 
in  Materials  and  Methods. 


Dual  parameter  analysis  of  the  CDS'*"  population  revealed  strong  binding  of  PT 
to  human  T  cells  (figure  lA  and  IB,  histograms  shown) .  Binding  could  also  be 
detected  when  using  anti-CD4  or  anti-CD8  as  cell  mar)cers  (data  not  shown) . 
The  binding  to  CDS’*"  cells  could  be  inhibited  by  preincubating  the  toxin  with 
an  anti-S3  MAB  (figure  ID) .  No  inhibition  was  seen  after  preincubation  with 
an  anti-S2  MAB  (figure  1C) .  These  data  suggest  a  role  for  the  S3  subunit  in 
the  binding  of  PT  to  lymphocytes. 

Identification  of  the  lymphocyte  receptor  and  the  exact  location  of  the 
receptor  binding  site  on  the  PT  molecule  are  being  further  investigated  in 
our  laboratory. 
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INTRODUCTION 

In  the  case  of  both  diphtheria  toxin  and  Pseudomonas  exotoxln  A,  the 
genetic  substitution  of  their  respective  native  receptor  binding  domains 
with  sequences  encoding  polypeptide  hormones  has  resulted  In  the 
construction  of  a  series  of  "new"  toxin  molecules  (1-6).  In  each  case 
that  has  been  described  these  genetically  engineered  toxins  have  been 
shown  to  be  selectively  targeted  towards  only  those  eukaryotic  cells  which 
bear  appropriate  hormone  receptors.  These  fusion  proteins  have  been  found 
to  be  potent  cytotoxlns  for  target  cells,  but  lack  generalized  systemic 
toxicity  Im  vivo. 

Williams  et  al.  (2)  and  Bacha  et  al.  (7)  have  recently  described  the 
genetic  construction  and  selective  toxicity  of  a  diphtheria  toxin-related 
lnterleukin-2  fusion  protein,  IL-2-toxin.  In  these  studies,  IL-2-toxin 
was  shown  to  be  selectively  cytotoxic  for  IL-2  receptor  bearing 
T- lymphocytes.  The  IL-2-toxln  mediated  Inhibition  of  protein  synthesis  in 
target  cells  was  shown  to  (1)  require  the  presence  of  the  IL-2  receptor, 
(11)  upon  receptor  mediated  endocytosls  the  fusion  protein  required 
passage  through  an  acidic  vesicle,  and  (111)  once  delivered  to  the  T-cell 
cytosol,  elongation  factor  2  was  shown  to  be  the  target  of  ADP-ribosy- 
lation  by  the  fragment  A  associated  ADP-ribosyltransferase  of  the  fusion 
protein.  Moreover,  animal  studies  have  demonstrated  the  ability  of 
IL-2-toxin  to  effectively  target  IL-2  receptor  positive  cells  In  vivo. 
Reduction  In  tumor  load  in  a  murine  model  of  IL-2  receptor  positive 
lymphoma  has  been  observed  (Bacha,  unpublished  observations),  and  IL-2 
toxin  has  been  used  effectively  In  a  series  of  Immunosuppression  disease 
models  (8-10).  Furthermore,  Phase  I  human  clinical  trials  for  the 
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treatment  of  IL-2  receptor  positive  leukemias  and  lymphomas  with  IL-2  have 
been  initiated. 


RESULTS  AND  DISCUSSION 

Molecular  biology,  expression,  and  purification  of  DAB486-IL-2:  Vllllams 
et  al.  (2)  have  previously  reported  the  genetic  construction  and 
purification  of  IL-2-toxln.  This  construct  employed  the  diphtheria  tox 
promoter  and  tox  signal  sequence;  the  resulting  fusion  protein  was 
exported  to  the  periplasmlc  space  of  recombinant  Escherichia  coli  K-12. 
IL-2-toxln  was  secreted  in  mature  form  with  a  molecular  weight  of  68,086. 
Moreover,  IL-2-toxln  was  found  to  retain  immunologic  determinants  of  both 
its  diphtheria  toxin  and  IL-2  components.  In  addition  to  the  full  length 
M  68,000  dalton  fusion  protein,  two  major  degradation  products  of  M 
4§,000,  and  47,000  were  detected.  ^ 

As  described  by  Blshal  ct  al.  (11)  the  expression  of  diphtheria  toxin- 
related  fusion  proteins  in  recombinant  E.  coll  K-12  results  In  marked 
proteolytic  degradation  of  the  full  length  fusion  protein  in  the 
periplasmlc  compartment.  Blshal  et  al.  (12)  compared  the  expression  of  a 
series  of  chimeric  tox  gene  constructs  in  E.  coll  using  the  native  tox 
promoter,  the  A-phage  P  promoter  under  the  control  of  the  temperature 
cl857  allele,  and  the  trc  promoter  which  is  inducible  with  lsopropyl-6-D- 
thlogalactopyranoslde  (IPTG).  Since  incorporation  of  the  XP  and  trc 
promoters  resulted  In  over  expression  lethality,  these  constructs  were 
modified  by  the  deletion  of  the  tox  signal  sequence  which  resulted  in 
accumulation  of  the  hybrid  toxin  in  the  cytoplasm  of  recombinant  E.  coll. 
These  studies  clearly  demonstrated  that  maximal  yields  of  diphtheria 
toxin-related  fusion  proteins  were  obtained  from  the  trc  promoter. 

A  partial  N-termlnal  amino  acid  sequence  of  IL-2-toxln  purified  from 
either  the  periplasmlc  space  or  cytoplasm  is  shown  in  Table  1.  It  is 


interesting  to  note 

that  diphtheria 

toxin-related  proteins  which  are 

strain 

site  of 
accumulation 

partial  N-termlnal 
amino  acid  sequence 

E.  coli  (pABl508) 

periplasmlc 

space 

Gly-Ala-Asp-Asp-Val-Val-Asp. . 

E.  coli(pABI6508) 

cytoplasm 

Met-Gly-Ala-Asp-Asp-Val-Val-Asp. . 

secreted  into  the  periplasmlc  compartment  of  E.  coil  are  processed  by  the 
signal  peptidase  at  the  Ala  j  Glyj  Junction  used  by  the  Corynebacterlum 
dlphtheriae  signal  peptidase.  In  contrast,  the  N-termlnal  amino  acid 
analysis  of  diphtheria  toxin-relat*  d  proteins  expressed  from  the  trc 
promoter  that  are  devoid  of  the  signal  sequence  accumulate  in  the 
cytoplasm  and  contain  an  N-termlnal  methionine  residue  (Table  1). 

IL-2  receptor  binding  requirements  for  productive  entry  of  DAB486-IL-2: 
Both  Williams  et  al.  (2)  and  Bacha  et  al.  (7)  have  shown  that  IL-2-toxln 
is  selectively  active  against  lymphocytes  that  bear  the  IL-2  receptor. 

It  is  well  known  that  the  IL-2  receptor  is  composed  of  at  least  two 
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subunits:  the  55,000  dalton  Tac  antigen  (p55)  which  binds  IL-2  with  low 
affinity  (13),  and  a  75,000  dalton  glycoprotein  which  binds  IL-2  with 
intermediate  affinity  (14).  The  heterodlmerlc  structure,  p55/p75,  has 
been  shown  to  bind  IL-2  with  high  affinity  (15).  Following  binding  to  the 
high  affinity  receptor,  IL-2  has  been  shown  to  be  rapidly  internalized  by 
receptor  mediated  endocytosls  (16).  Waters  et  al.  (17)  have  recently 
analyzed  IL-2-toxln  sensitivity  of  cell  lines  which  bear  either  high. 
Intermediate,  or  low  affinity  forms  of  the  IL-2  receptor. 

The  dose  response  analysis  of  DAB486-IL-2  for  cell  lines  which  bear  either 
the  high,  intermediate,  or  low  affinity  form  of  the  IL-2  receptor  Is  shown 
In  Figure  1.  In  the  case  of  cell  lines  which  bear  either  the  low  affinity 
p55  or  liitermedlate_gfflnlty  p75  subunit,  the  IC,.  for  DAB486-IL-2  is 
greater  than  5  x  10  M.  In  marked  contrast,  the^DAB486-IL-2  IC,«  for 
T-cell  l^fcs  which  bear  the  high  affinity  form  of  the  IL-2  receptor  is  5  - 
10  X  10  M.  It  is  known  that  the  p55  subunit  of  the  IL-2  receptor  does 
not  mediate  internalization  of  bound  ligand  (18),  while  IL-2  bound  to  the 
p75  subunit  has  been  reported  to  be  internalized  (19).  As  a  result  of  the 
latter  observation  the  failure  of  DAB486-IL-2  to  intoxicate  p75  only 
bearing  T-cells  was  not  anticipated. 


Figure  1:  DAB486-IL-2  mediated  Inhibition  of  protein  synthesis  in  cell 
lines  which  carry  the  high  affinity  (C91/P1  [•],  Hutl02/6TG  [o], 
intermediate  affinity  (YT2C2  [a],  SKW6.4  (o],  MLA-144  [■]),  and  low 
affinity  (MT-1  [a])  receptor  for  interleukin  2. 

In  a  seriej2§^  preliminary  experiments,  the  ability  of  DAB486-IL-2  to 
displace  [  I]-labeled  IL-2  from  the  high,  intermediate,  and  low  affinity 
receptor  has  been  examined  (Schlmke,  Waters,  and  Murphy,  unpublished). 
These  studies  suggest  that  the  binding  of  DAB486-IL-2  to  all  forms  of  the 
IL-2  receptor  are  impaired  when  compared  to  native  IL-2.  However,  binding 
to  the  p75  subunit  appears  to  be  most  dramatically  altered.  These  results 
are  not  surprising  since  Collins  et  al.  (20)  have  shown  that  the 
N-terminal  region  of  IL-2,  particularly  Asp20,  is  essential  for  binding  to 
the  p75  subunit  of  the  IL-2  receptor.  Since  Asp20  of  native  IL-2 
corresponds  to  Asp505  of  the  619  amino  acid  DAB486-IL-2,  it  is  likely  that 
this  region  of  the  fusion  toxin  is  constrained  and  may  result  in  stearic 
hindrance  of  receptor  binding. 

Selective  toxicity  of  DAB486-IL-2  for  leukemic  cells  from  adult  T-cell 
leukemia  patients:  Since  DAB486-IL-2  is  a  highly  selective  cytotoxic 
agent  for  retrovirus  HTLV-I  Infected  T-cell  lines  In  vitro  which 
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constltutlvely  express  the  high  affinity  fora  of  the  IL-2  receptor,  the 
effect  of  this  hybrid  toxin  on  leukemic  T-cells  freshly  withdrawn  from 
patients  with  adult  T-cell  leukemia  (ATI.)  has  been  examined.  This 
leukemia  is  directly  associated  with  infection  by  the  retrovirus  HTLV-I. 
The  clinical  presentation  of  ATL  has  been  classified  into  four  types: 
acute,  lymphoma,  chronic,  and  smoldering.  Klyokawa  et  al.  (21)  has  shown 
that  DAB486-IL-2  is  a  potent  cytotoxic  agent  for  leukemic  cells  freshly 
purified  from  patients  with  acute  and  lymphoma  type  ATL.  As  shown  in 
Figure  2,  the  IC-g  of  DAB486-IL-2  for  T-cells  purified  from  lymph  node 
aspirates  of  patients  with  either  acute  or  lymohoma  type  disease  is 
similar  to  that  obtained  with  high  affinity  IL-2  receptor  bearing 
continuous  T-cell  lines.  It  is  of  Interest  to  note  that  the  IC..  of 
DAB486-IL-2  was  approximately  5  -  10  x  10  M,  although  T-cells  purifed 
from  peripheral  blood  were  not  as  metabolically  active  as  lymph  node 
T-cells.  Since  it  has  been  previously  shown  that  the  apparent  sensitivity 


it-a  TOxiii  (10'%) 

Figure  2:  DAB486-IL-2  mediated  inhibition  of  protein  synthesis  In 

lymphocytes  withdrawn  from  patients  with  adult  T-cell  leukemia.  Panel 
A:  lymph  node  T-cells  from  acute  and  lymphomas  type  ATL;  Panel  B: 
peripheral  blood  T-cells  from  patients  with  acute  ATL;  Panel  C: 
peripheral  blood  T-cells  from  patients  with  chronic  and  smoldering  ATL; 
Panel  D;  peripheral  blood  T-cells  from  control  patients. 
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of  cells  to  diphtheria  toxin  is  directly  related  to  the  endogenous  rate  of 
protein  s3nitbesis,  the  decreased  potency  of  DAB486-IL-2  for  peripheral 
blood  T-cells  vls-a-vls  lymph  node  T-cells  is  likely  related  to 
differences  in  basal  rates  of  protein  synthesis. 

Acute  toxicity  of  DAB486-IL-2:  As  described  above,  DAB486-IL-2  has  been 
shown  to  be  a  potent  cytotoxic  agent  for  T-lymphocytes  that  bear  the  high 
affinity  form  of  the  lL-2  receptor.  Bacha  and  coworkers  (unpublished 
observations)  have  examined  the  acute  toxicity  of  diphtheria  toxin,  CRM45, 
and  DAB486-IL-2  in  several  animal  species.  As  shown  in  Table  2,  the  LDjq 
of  diphtheria  toxin  in  the  guinea  pig  is  between  100  -  150  ng/kg;  whereas, 
the  hOjQ  of  DAB486-IL-2  is  greater  than  3  mg/kg.  The  LD,_  of  DAB486-IL-2 
In  the  monkey  is  also  greater  than  3  mg/kg.  Thus,  in  diphtheria  toxin 
sensitive  species,  DAB486-IL-2  is  at  least  20,000-fold  less  toxic  than 
native  toxin,  while  in  the  case  of  diphtheria  toxin  resistant  species 
(l.e.,  mouse  and  rat),  the  of  DAB486-IL-2  is  between  40  -  50-fold 

less  toxic  than  native  diphtheria  toxin. 


species 

diphtheria  toxin 

“so 

CRM45 

DAB486-IL-2 

guinea  pig 

150  ng/kg 

350  pg/kg 

3  mg /kg 

monkey 

150  ng/kg 

n.d. 

3  mg/kg 

mouse 

100  pg/kg 

350  pg/kg 

5  mg/kg 

rat 

100  pg/kg 

350  pg/kg 

4  mg/kg 

n.d.,  not  determined 


Bacha  and  coworkers  (unpublished  observations)  have  also  measured  the 
biological  half-life  of  DAB486-IL-2  in  mice,  rats,  and  monkeys  following 
administration  of  a  single  Intravenous  injection.  In  all  three  species 
the  t%a  phase  is  5  to  10  minutes,  and, the  thB  phase  is  approximately  20 
minutes.  Using  internally  labeled  [■^^S]-DAB486-IL-2  to  determine  the  in 
vivo  distribution  of  chimeric  toxin  following  i.v.  administration,  Bacha 
and  coworkers  (unpublished)  have  found  rapid  uptake  and  clearance  by  the 
liver. 


Phase  I  human  clinical  trial  of  DAE486-IL-2  for  IL-2  receptor  positive 
leukemias  /  lymphomas:  The  rationale  for  the  use  of  DAB486-IL-2  as  a 
therapeutic  for  the  treatment  of  IL-2  receptor  expressing  luekemlas  and 
lymphomas  is  as  follows:  (1)  HTLV-I  infected  transformed  cells  carry  large 
numbers  of  high  affinity  IL-2  receptors  on  their  surface  and  these  cells 
have  been  shown  to  be  specifically  targeted  and  killed  by  DAB486-IL-2  in 
ng/ml  concentrations,  (li)  significant  prolongation  of  life  expectancy  has 
been  observed  in  animals  that  carry  tumors  which  express  the  high  affinity 
IL-2  receptor  following  treatment  with  DAB486-IL-2,  and  (ill)  IL-2 
receptor  positive  leukemic  cells  from  patients  with  adult  T-cell  leukemia 
are  specifically  targeted  and  killed  by  ng/ml  concentrations  of 
DAB486-IL-2.  Moreover,  DAB486-IL-2  is  extremely  well  tolerated  in  a 
variety  of  animal  species  at  concentrations  which  are  efficacious. 

Administration  of  0.05  mg/kg  DAB4^6-IL-2  results  in  a  serum  concentration 
of  approximately  50  ng/ml,  or  10  at  5  minutes.  At  these  concent- 
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rations  there  Is  no  measureable  toxicity  to  any  organ  system;  whereas, 
exposure  of  high  affinity  IL-2  receptor  bearing  lymphocytes  to  10~  w 
DAB486-IL-2  for  5  minutes  results  In  greater  than  50Z  Inhibition  of 
protein  synthesis  (Waters,  unpublished). 

Based  upon  this  data,  as  well  as  additional  observations,  the  Food  and 
Drug  Administration  has  approved  an  Investigational  New  Drug  application 
submitted  by  Seragen  Inc.  for  a  Phase  I  study  of  DAB486-IL-2  in  patients 
who  present  with  refractory  IL-2  receptor  positive  leukemias  /  lymphomas. 
This  study  Involves  a  dose  escalation  of  DAB486-IL-2  to  cohorts  of  three 
patients  each  as  shown  In  Figure  3.  At  each  dosage  level  patients  will  be 
treated  with  a  single  dose,  observed  for  24  hours,  given  3  dally  doses, 
observed  for  one  week,  treated  with  7  dally  doses,  and  then  observed  for 
two  weeks.  Upon  completion  of  each  cohort,  DAB486-IL-2  will  be 
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Cohort 


Single  dose 


46  hft 


3  daily  doses  ■  >  7  daily  doses 

7d»ri 


I 

II 

III 

IV 

V 

VI 

VII 


0.0007  mgdig  - ► 

0.003  mgdig 
0.0t2m{ykg 
0.024  mgi>g 
O.OS  mg4(g 
0.1  mgiXg 
0.2  mgrKg 


0.0021  mg 

0.009  mg 
0  036  mg 
0.072  mg 
0.15  mg 
0.30  mg 
0.60  mg 


0.0049  mg 
0.021  mg 
0.084  mg 
0.168  mg 
0.35  mg 
0.70  mg 
1.4  mg 


Figure  3:  Phase  I  clinical  protocol  for  determination  of  safety  and 
tolerability  of  DAB486-IL-2. 

administered  at  the  next  higher  dosage  level  until  patients  present  with  a 
grade  II  level  toxic  reaction,  or  a  dosage  level  of  0.20  rag/kg  Is  reached. 
At  present  the  three  patients  in  the  first  cohort  have  been  treated  with 
DAB486IL-2  and  no  adverse  reactions  have  been  observed. 


SUMMARY  AND  CONCLUSIONS 

Genetic  substitution  of  the  native  diphtheria  toxin  receptor  binding 
douialn  with  human  lnterleukin-2  has  resulted  In  a  unique  fusion  protein, 
DAB486-IL-2.  This  fusion  protein  combines  the  targetting  specificity  of 
IL-2  with  the  potent  cytotoxic  properties  of  diphtheria  toxin. 

DAB486-IL-2  has  been  shown  to  specifically  Intoxicate  cells  which  bear  the 
high  affinity  form  of  the  IL-2  receptor  and  spare  cells  which  are  devoid 
of  the  receptor,  or  express  only  one  chain  of  the  high  affinity  complex. 
Furthermore,  freshly  harvested  leukemic  T-cells  from  patients  with  adult 
T-cell  leukemia  are  specifically  targeted  and  killed  by  DAB486-IL-2.  In 
addition,  the  tumor  burden  In  a  murine  model  of  IL-2  receptor  expressing 
malignancy  Is  significantly  reduced  after  treatment  with  DAB486-IL-2. 

Food  and  Drug  Administration  approval  has  been  obtained  for  a  Phase  I 
clinical  trial  of  DAB486-IL-2  In  patients  with  refractory  IL-2  receptor 
expressing  malignancies.  DAB486-IL-2  represents  the  prototype  of  a  new 
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class  of  genetically  engineered  drugs  and  Is  the  first  drug  of  Its  class 
to  be  approved  for  clinical  evaluation.  DAB486-IL-2  and  other  genetically 
engineered  chimeric  toxins  are  unique  biological  response  modifiers  and 
offer  the  promise  of  drugs  which  possess  extraordinary  potency  and 
specificity  with  minimal  non-specific  adverse  reactions. 
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INT’JODUCTION 

Recent  efforts  directed  at  developing  vaccines  against  a 
number  of  infectious  agents  have  focused  on  the  use  of  well- 
defined  and  highly  purified  antigens.  In  many  instances, 
synthetic  peptides,  recombinant  proteins,  oligosaccharides, 
or  small-molecular-weight  polysaccharides  are  non-  or  weakly 
immunogenic  due  to  their  size  or  their  composition  (being  of 
a  limited  number  of  amino  acid  or  monosaccharide  repeats)  (2, 
5,  18).  Large-molecular-weight  bacterial  polysaccharides, 
in  general,  induce  a  poor  antibody  response  in  children  less 
than  24  months  of  age  due  to  their  T-independent  nature  (10). 

The  covalent  coupling  of  such  antigens  as  described  above  to 
protein  carriers  has  been  shown  to  be  an  effective  means  to 
dramatically  increase  their  immunogenicity  (5,  12,  13,  18). 
A  Haemophilus  influenzae  type  b  polysaccharide-diphtheria 
toxoid  conjugate  has  recently  been  licensed  for  use  in  18- 
month-old  children  based  upon  its  superior  immunogenicity  as 
compared  to  native  capsular  polysaccharide  (16).  The  same 
vaccine  has  also  been  shown  to  provide  a  high  degree  of 
protection  in  infants  (8). 

A  number  of  proteins  has  been  used  to  produce  conjugate 
vaccines  including  tetanus  toxoid  (Ttxd;  9,  12,  13),  cholera 
toxin  (CT;  12,  13),  diphtheria  toxoids  (Dtxd;  1,  8), 
choleragenoid  (CG;  1,  8),  horseshoe  crab  hemocyanin  (13),  and 
Pseudomonas  aeruginosa  toxin  A  (TA;  4,  5).  Of  these,  Ttxd 
and  Dtxd  would  appear  to  be  the  most  attractive  for  large- 
scale  use  due  to  their  documented  safety.  However,  the  use 
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of  Dtxd  and,  especially,  Ttxd  in  adults  may  lead  to 
hyperimmunization  with  attendant  consequences.  Two  bacterial 
polysaccharide-Ttxd  conjugates  have  been  found  to  evoke  a 
somewhat  surprising  high  rate  of  adverse  reactions  in  humans 
(14).  In  addition,  there  is  evidence  to  suggest  that 
elevated  levels  of  preexisting  tetanus  antibodies  will 
suppress  the  immune  response  to  the  hapten  moiety  of  a  Ttxd 
conjugate  (7,  15). 

As  an  alternative  to  Dtxd  and  Ttxd,  we  have  explored  the 
feasibility  of  using  other  bacterial  toxins  or  toxoids, 
specifically  CT,  CG,  and  TA,  as  carrier  proteins  for  a 
variety  of  polysaccharide  and  peptide  antigens .  In  our 
experience,  we  have  found  that  conjugates  synthesized  with 
TA  are  capable  of  inducing  the  highest  anti-hapten  responses 
in  animals  and  in  humans.  Results  from  several  human  studies 
employing  TA  conjugates  are  summarized  in  this  report. 


MATERIALS  AND  METHODS 

Bacterial  strains.  All  strains  of  P.  aeruginosa  employed 
have  been  previously  described  (5).  Escherichia  coli  strain 
205  (018;  K-nontypeable)  and  strain  "BORT"  (018:K1)  were 
supplied  by  A.S.  Cross,  Walter  Reed  Army  Institute  of 
Research,  Washington,  D.C. 

Purification  of  carrier  proteins.  TA  was  purified  as 
described  elsewhere  (12). 

Haptens.  0-polysaccharide  (0-PS)  was  isolated  from  P. 
aeruginosa  and  E.  coli  lipopolysaccharide  (LPS)  as  described 
by  Cryz  et  al.  (5).  R3  is  a  synthetic  peptide  corresponding 
to  NANP^ ( (asparagine-alanine-asparagine-proline)^]  and  is  the 
conserved  immunodominant  repeat  region  expressed  by  the 
circumsporozoite  protein  (CSP)  of  Plasmodium  falciparum  (18). 
R32  is  a  purified  recombinant  protein  with  the  one  letter 
code,  MDP[  (NANP)i5-NVDP]^LR  where  M  =  methionine;  D  =  aspartic 
acid;  V  =  valine;  L  »  leucine;  and  R  =  argenine. 

Conjugate  synthesis.  Coupling  of  R3  or  R32  to  various 
carrier  proteins  using  adipic  acid  dihydrazide  (ADH)  as  a 
spacer  molecule  and  carbodiimide  as  a  linking  agent  was 
performed  as  described  by  Que  et  al,  (12).  P.  aeruginosa  0- 
PS-TA  conjugates  were  synthesized  as  previously  described 
(5).  E.  coli  0-PS-TA  conjugates  were  prepared  in  an 
identical  manner  with  the  exception  that  the  0-PS  was  exposed 
to  NaI04  for  only  2-5  minutes. 

Characterization  of  conjugates.  Analysis  of  the  various 
conjugates  as  to  chemical  composition,  physicochemical 
properties,  and  biological  activities  was  as  described 
elsewhere  (5,  12). 
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ELISA.  Anti-NANP,  LPS,  and  carrier  protein  antibody  levels 
were  determined  by  ELISA  as  previously  described  (5,  12). 

laununof luorescent  antibody  assay  (IFA) .  The  ability  of  anti- 
NANP  antibody  induced  by  vaccination  to  bind  to  the  surface 
of  P.  falciparum  sporozoites  was  determined  according  to 
Young  et  al .  (17). 

Biological  activities  of  coniuoates.  TA  conjugates  were 
tested  for  enzymatic  activity  using  wheat  germ  extract  as  a 
source  of  elongation  factor  2  (5). 

Clinical  studies.  Conjugates  for  human  studies  were 
evaluated  for  pyrogenicity  in  rabbits,  for  lack  of  toxicity 
in  mice  and  guinea  pigs,  and  for  sterility  according  to  the 
methods  described  in  the  U.S.  Code  of  Federal  Regulations 
under  articles  610.11  and  610.12.  Informed  consent  was 
obtained  from  healthy  adult  volunteers  who  received  the 
vaccine  (0.5  ml)  intramuscularly  in  the  deltoid  region. 
Reactions  to  vaccination  were  recorded  for  5  days  post¬ 
immunization  . 


RESULTS 

The  characteristiv.'c  of  various  TA-containing  conjugate 
vaccines  evaluated  for  safety  and  immunogenic! ty  in  humans 
is  shown  in  Table  1 .  Depending  upon  the  hapten,  the  ratio 
of  hapten  to  carrier  ranged  from  approximately  1:2  (P. 
aeruginosa  0-PS-TA)  to  1:1  (E.  coli  0-PS-TA).  These  findings 
Illustrate  the  utility  of  the  TA-ADH  intermediate  in  the 
formation  of  conjugates  comprising  various  types  of  haptens 
(polysaccharides,  peptides,  and  recombinant  proteins).  The 
molecular  weights  of  the  conjugates  ranged  from  98,000  (R3- 
TA)  to  >10®  (P.  aeruginosa  0-PS-TA).  All  conjugates  were 
nontoxic  for  animals  and  nonpyrogenic  in  rabbits.  In 
addition,  all  conjugates  lacked  detectable  ADPR-transferase 
activity  expressed  by  TA  and  were  stable  to  toxic  reversion 
after  storage  at  37°C  for  4  weeks. 

To  date,  119  subjects  have  received  an  octavalent  P. 
aeruginosa  0-PS-TA  vaccine  composed  of  Fisher  immunotypes  1 , 
2,  3,  4,  5,  and  7,  and  Habs  serotypes  3  and  4  0-PS  (25 
pg/serotype) .  About  half  of  the  volunteers  reported  a  mild, 
transient  local  reaction,  while  approximately  10%  noted  a 
systemic  reaction  (most  often  headache  and/or  malaise) .  No 
pronounced  episodes  of  fever  or  chills  were  reported  and  no 
reactions  were  debilitating. 

A  single  dose  of  vaccine  resulted  in  a  significant  (p  <  0.05) 
rise  in  IgG  antibody  to  all  8  LPS  serotypes  and  to  toxin  A. 
The  magnitude  of  the  overall  immune  response  was  greatly 
influenced  by  preexisting  antibody  titers.  For  example,  the 
greatest  increase  in  geometric  mean  (GMT)  antibody  levels  was 
seen  for  immunotype  5  (18-fold),  to  which  volunteers  had  the 
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lowest  baseline  titer  (2  )i9/nil).  In  contrast,  there  was  only 
a  3-fold  rise  in  GMT  to  lT-3  LPS  where  the  baseline  titer  was 
the  highest  for  all  antigens  (GMT  40.2  iig/ml).  Subjects 
who  possessed  <10  pg  anti-LPS  IgG/ml  responded  with  a  more 
vigorous  antibody  response  than  those  with  >10  )ig/ml  (Table 
2).  Immunization  gave  rise  to  an  increase  in  opsonic 
antibody  titer  to  all  serotypes.  In  addition,  the  passive 
transfer  of  pooled  post-immunization  sera  to  mice  increased 
the  LD50  value  following  challenge  from  10-fold  (IT-2)  to 
2900-fold  as  compared  to  a  pre-immune  serum  pool.  No 
increase  was  seen  for  Habs  4.  However,  the  Had>s  4  challenge 
strain  was  weakly  virulent  with  an  LD^  of  3.3  x  10^  for 
control  mice.  This  value  was  raised  to  9  x  10°  when  pre-  or 
post-immune  serum  was  transferred. 

A  Phase  I  trial  is  currently  underway  to  evaluate  the  safety 
and  immunogenicity  of  an  E.  coli  018  0-PS-TA  conjugate  in 
humans.  To  date,  the  vaccine  has  been  administered  to  7 
healthy  adults  with  no  reactions  reported.  The  IgG  antibody 
response  has  been  analyzed  from  4  of  these  volunteers  and  is 
shown  in  Table  3.  All  4  subjects  showed  a  >.  4-£old  rise  in 
titer  following  vaccination.  A  greater  than  25-fold  mean 
titer  rise  was  achieved  after  a  single  dose  of  vaccine  was 
administered. 

The  immune  response  to  R3-TA  and  R32-TA  P.  falciparum 
conjugate  vaccines  is  shown  in  Table  4.  Although  both 
vaccines  induced  a  significant  rise  in  anti-NANP  antibody 
titers,  the  R32-TA  conjugate  evoked  higher  levels  than  the 
R3-TA  conjugate.  While  only  1  of  5  subjects  who  received  the 
R3-TA  conjugate  had  a  positive  IFA  reaction,  the  serum  from 
most  (7  of  10)  vaccinees  who  were  immunized  with  the  R32-TA 
conjugate  were  positive  in  this  assay  system. 


Table  1 .  Characteristics  of  TA-containing  conjugate  vaccines 


Conjugate 

Composition’ 

(%  dry  weight) 

Molecular 

weight 

Toxicity* 

Pyrogenicity' 

(jig/kg) 

Hapten 

Carrier 

P.  aeruginosa 
0-PS-TA 

37.2 

62.8 

>10®^^ 

Nontoxic 

>18 

E.  coli 

0-PS-TA 

50 

50 

>600,000^2 

Nontoxic 

>10 

R3-TA 

40 

60 

98,000^3 

Nontoxic 

>5 

R32-TA 

45 

55 

119, 000^^ 

Nontoxic 

>5 

■v  J 


V 
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For  0-PS-TA  conjugates  determined  by  guanviitative  analysis  of  protein 
and  0-PS.  For  R3-TA  and  R32-TA  conjugates  calculated  by  molar  ratio 
values  from  amino  acid  analysis. 

Determined  by  high-pressure  liquid  chromatography. 

^  Determined  by  SDS-PAGE. 

^  Determined  by  intraperitoneal  injection  of  mice. 

®  Expressed  as  highest  quantity  of  antigen  injected  intravenously  into 
raibbits  which  did  not  evoke  a  pyrogenic  response. 


Table  2. 

Effect  of  baseline 

IgG  levels  on  the  immune  response 
0-PS-TA  vaccine 

to 

Serotype 

Vaccinees 

GMT  pg  IgG/ml 

serum  %  2 

4-fold 

( range ) 

rise 

pre- immune 

post-immune 

Habs  4 

All 

12  (0.8-22) 

43  (2.8-244) 

46 

<10  pg  IgG/ml 

4  (0.8-9) 

42  (2.8-220) 

82 

IT- 3 

All 

40  (1.2-220) 

134  (25-400) 

35 

<10  pg  IgG/ml 

3.8  (1.3-7. 9) 

83  (33-112) 

100 

lT-4 

All 

19  (0.9-147) 

60  (1.5-284) 

49 

<10  pg  IgG/ml 

3.4  (0.9-9. 7) 

38  (1.5-170) 

85 

Table  3.  Immunoglobulin  G  (IgG)  response 

E.  coli  018  0-PS- 

following  immunization  with 

TA  conjugate' 

Mean  IgG  anti-LPS 

No.  >  4-fold 

ELISA  titer  ( range )^ 

rise  in  titer 

pre-immune  post-immune 

92  (27-139)  2502  (1723-3302) 

4/4 

^  Volunteers  each  received  100  pg  of  conjugate  (equivalent  to  50  pg  of 
0-PS)  intramuscularly.  Serum  samples  were  obtained  on  days  0  and  14. 


ELISA  titers  are  expressed  as  the  reciprocal  of  ths  highest  dilution 
of  serum  which  yielded  an  A^qj  20-4. 


7 
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Table  4.  IgG  antibody  response  following  immunization  with  R3-TA  and 

R32-TA  conjugates’ 


Vaccine 

GMT  )ig  IgG/ml  sesnim 
to  NANP  repeat 

%  >  4-fold  rise 
in  antibody  titer 

pre-inunune 

post-immune^ 

R3-TA 

0.12 

0.69 

4/5 

R32-TA 

0.05 

2.4 

10/10 

Volunteers  each  received  100  ug  of  conjugate  intramuscularly  in  the 
deltoid  region  on  days  0  and  56. 


^  Values  given  are  for  day  70  serum  samples. 


DISCUSSION 

TA  is  synthesized  as  a  single  polypeptide  with  a  molecular 
weight  of  approximately  60,000.  TA  is  highly  toxic  for  a 
variety  of  animal  species  and  cultured  cell  lines  due  to  its 
ability  to  inhibit  eucaryotic  protein  synthesis  by 
inactivating  elongation  factor  2  (3).  Elevated  titers  of 
anti-TA  and  anti-LPS  antibody  have  been  found  to  correlate 
with  an  increased  survival  rate  in  cases  of  P.  aeruginosa 
bacteremia  (11).  Thergfore,  we  initially  sought  to  utilize 
toxin  A  as  a  carrier  for  P.  aeruginosa  0-PS  antigens  in  an 
effort  to  stimulate  2  "classes"  of  protective  antibodies  (5), 
The  incorporation  of  ADH  into  the  TA  molecule  was  found  to 
result  in  an  irreversible  detoxification.  A  monovalent  IT- 
5  0-PS-TA  conjugate  vaccine  was  subsequently  shown  to  be  safe 
and  immunogenic  in  humans  ( 4 ) . 

Based  upon  these  promising  results,  we  were  interested  in 
evaluating  the  potential  of  TA  as  a  carrier  for  other 
nonimmunogenic  or  weakly  immungenic  candidate  vaccine 
antigens.  TA  possesses  several  traits  which  make  it 
particularly  suitable  for  use  as  a  carrier,  especially  in 
adult  populations,  including;  i)  lack  of  detectable  biologic 
activity  after  coupling  to  ADH;  ii)  safety  upon  parenteral 
administration;  and  iii)  low  levels  of  baseline  antibody 
titers  in  the  general  population  which  would  circumvent  the 
problems  of  inadvertent  hyperimmunization  (a  concern  with  the 
use  of  Ttxd  or  Dtxd)  and  epitopic  suppression  (6,  7,  15). 

In  the  present  report,  we  have  found  TA  to  be  an  excellent 
carrier  for  0-PS  from  P.  aeruginosa  and  E.  coli,  and  for 
peptides  or  recombinant  protein  expressing  the  protective 
NANP  epitope  present  on  the  P.  falciparum  sporozoite  surface. 
All  4  conjugate  vaccines  were  well  tolerated  upon  parenteral 
administration  to  humans.  None  of  the  approximately  200 
subjects  immunized  experienced  a  reaction  which  interfered 
with  their  daily  activities.  There  was  no  evidence  of  toxin 
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A-medlated  effects  on  any  organ  system  as  determined  by  blood 
or  serum  analyses. 

All  4  TA  conjugates  induced  a  significant  anti-hapten 
antibody  response  in  humans.  Anti-P.  aeruginosa  LPS 
antibodies  engendered  by  immunization  were  highly  protective 
in  preventing  fatal  experimental  burn  wound  sepsis.  An  E. 
coli  013  0-PS-TA  conjugate  produced  in  a  similar  manner 
Induced  high  levels  of  anti-LPS  antibody  in  4  volunteers. 
The  functional  attributes  of  these  antibodies  are  presently 
being  determined. 

In  an  effort  to  stimulate  an  immune  response  to  the  NANP 
epitope  expressed,  R3  or  R32  was  coupled  to  toxin  A.  The 
R32-TA  vacine  appears  to  hold  much  promise  based  upon  its 
ability  to  stimulate  good  levels  of  anti-NANP  antibody  which 
recognizes  the  CSP  on  the  surface  of  P.  falciparum 
sporozoites.  Preliminary  results  from  ongoing  trials 
indicate  that  approximately  10-fold  higher  antibody  titers 
can  be  engendered  in  humans  when  the  dose  is  increased  to  400 
pg,  which  is  well  tolerated. 

In  conclusion,  TA  appears  to  serve  as  an  excellent  carrier 
for  a  variety  of  potential  vaccine  candidate  antigens.  The 
outstanding  acceptability  of  TA  conjugates  to  date  may  make 
it  suitable  for  use  as  a  generic  vaccine  carrier  protein. 
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INTRODUCTION 

Bacillus  thuringiensis  (BT)  strains  synthesise  a  cytoplasmic  protein  crystal  during  the 
sporulation  phase  of  their  development  (1 ,3).  This  crystal  (3-endotoxin)  consists  of  one  or 
more  polypeptides  of  vatying  (4 )  that  are  toxic  to  insect  larvae  inluding  lepidoptera, 

diptera  and  coleoptera.  The  native  crystal  d-endotoxin  is  a  protoxin  which  requires 
solubilization  and  activation  by  proteolytic  processing  in  the  lan/al  midgut  (1 1 , 20).  For  many 
of  the  toxins  proteolytic  activation  involves  removal  of  the  C-terminal  half  of  the  protoxin 
(18,29,30).  The  activation  can  be  duplicated  in  vitro  using  alkaline  buffers  together  with  a 
combination  of  proteases  (20,22,31).  When  the  protoxin  is  activated  in  vivo  in  the  larval 
midgut,  it  causes  disruption  of  the  gut  epithelial  cells  which  leads  to  larval  mortality  .  The  first 
observed  effect  is  destruction  of  the  brush  border  of  columnar  cells  followed  by  swelling  and 
lysis  of  goblet  cells .  This  leads  in  turn  to  a  rapid  equilibration  of  ions  and  pH  levels  between 
gut  contents  and  blood,  cessation  of  feeding  and  death. 

BIOLOGICAL  ROLE  OF  THE  3-ENDOTOXIN 

A  due  to  the  biological  role  of  these  toxins  may  come  from  the  fact  that  they  are  synthesised 
only  during  sporulation  of  the  bacterium.  Despite  the  fact  that  sporulation  is  the  response  of  the 
organism  to  starvation  and  is  characterised  by  extensive  protein  turnover,  these  crystal 
d-endotoxins  frequently  comprise  one  third  of  the  weight  of  the  sporulating  cell,  i.e.  the  same 
weight  as  the  spore  itself.  Clearly  therefore  their  synthesis  during  this  time  suggests  they  are 
important  to  spore  survival  or  germination.  When  the  spore  and  crystal  are  released  together  at 
the  completion  of  sporulation  by  lysis  of  the  parent  celt,  the  crystal  is  of  no  value  to  the  spore 
in  an  environment  of  neutral  pH  ,  since  these  endotoxins  characteristically  require  alkaline 
conditions  for  solubilisation  and  activation  .  However  the  midgut  region  of  a  variety  of  insect 
larvae  is  highly  alkaline  (7 )  and  if  the  spore  is  ingested  together  with  a  d-endotoxin  crystal  by 
these  larvae ,  the  toxin  can  first  be  solubilised  and  then  adivated  by  gut  proteases.  The 
specialisation  of  these  toxins  to  bind  to  receptors  on  midgut  epithelium  cells  (see  below) 
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and  trigger  cytolysis  ensures  that  the  high  initial  gut  pH  is  rapidly  reduced.  Feeding  ceases  and 
the  spore  is  thus  retained  in  the  alimentary  tract.  The  additional  equilibration  of  gut  and  blood 
contents  creates  a  rich  nutrient  environment  that  is  'sensed*  by  the  dormant  spore  which  is 
stimulated  to  germinate.  The  d-endotoxin  may  therefore  enable  B.  thuringiensis  spores  to 
initiate  a  new  vegetative  colony  in  an  environment  inimical  to  the  germination  of  other  bacterial 
spores  and  as  such  confers  a  valuable  selective  advantage. 

TABLE  1* 

Bacillus  thuringiensis  insecticidal  toxins 


Designation 

Subspecies 

Target*' 

Molecular  Mass 
(kDa) 

crylA(a) 

kurstaki;  aizawai;  sotto; 

entomocktus. 

L 

133.2 

crylA(b) 

kurstaki;  aizawai;  berliner. 

L 

131.0 

crylA(c) 

kurstaki. 

L 

133.3 

crylB 

thuringiensis;  entomoddus. 

L 

138.0 

crylC 

aizawai;  entomocidus. 

L 

134.8 

crylD 

aizawai. 

L 

132.S 

cryllA 

kurstaki 

L/D 

70.9 

cryllB 

kurstaki 

L 

70.8 

crylllA 

san  diego;  tenebrionis. 

C 

73.1 

crylVA 

israelensis 

D 

134.4 

crylVB 

israelensis 

0 

127.8 

crylVC 

israelensis 

0 

77.8 

crylVD 

israelensis 

0 

72.4 

cytA 

israelensis;  morrisoni. 

D 

27.4 

cytB 

n - 

darmstadtiensis 

D 

'23 

Modified  from  Reference  1 9 

♦  L  -  LepkJoptera;  UD  -  Lepidoptera  &  Oiptera;  D  -  Diptera;  C  -  Coleoptera. 


MOLECULAR  MECHANISM  OF  d-ENDOTOXIN  ACTION 

The  wide  differences  in  molecular  weights  of  the  BT  3-endotoxins,  and  their  different  insect 
targets  (T able  1 )  raises  a  question  as  to  whether  they  all  share  the  same  toxic  mechanism. 
Recent  biochemical  studies  with  toxins  of  different  specificity  pointed  to  just  such  a  common 
mechanism  and  as  a  result  we  have  proposed  a  general  model  for  the  action  of  all  d-endoloxins 
(10,13,23 ).  According  to  this  model  (Fig  1),  the  toxin  first  binds  to  a  specirc  membrane 
receptor  (R )  on  the  target  cell.  Putative  receptors  have  been  identified  both  in  vivo  on  the 
mirlgut  epithelium  of  susceptible  insects  (1 7 )  and  on  the  plasma  membrane  of  susceptible 
insect  cell  lines  (22  ).  In  a  second  step  the  toxin  either  individually  or  in  the  form  of 
oligomers,  partitions  into  the  membrane  to  aeate  a  pore/leakage  channel  in  the  membrane 
which  ultimately  leads  to  colloid  osmotic  lysis. 

Recent  data  in  support  of  this  model  are  described  below  under  4  headings: 

1.  EVIDENCE  FOR  SPECIFIC  d-ENDOTOXIN  RECEPTORS 

Studies  of  the  binding  of  kurstaki,  aizawai  and  sotto  toxins  to  susceptible  insect  cell  lines 
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(13,22,  W. Ahmad  unpublished)  have  shown  that  the  activated  forms  of  these  toxins  bind  to  one, 
or  in  some  cases  two,  distinct  plasma  membrane  proteins,  in  one  case  (22),  the  single  binding 
component  was  identified  as  a  146kOa  N-acetylgalactosamine  -containing  protein. 


NH2  MH2 


RECEPTOR  BINDING  TRIGGERS  CONFORMATIONAL 
CHANGE  ,  WHICH  FAVOURS  INSERTION  OF  HVOROPHOBIC 
SEGMENTS  AND  PORE  FORMATION  . 


TRANSMEMBRANE  SEGMENTS  FROM  MORE  THAN  ONE  TOXIN 
MOLECULE  MAY  COMBINE  TO  FORM  LYTIC  PORE 

Figure  1  Hypothetical  general  model  for  3-endofoxin  membrane  interaction. 

Support  for  the  receptor  function  of  this  protein  came  from  protection  experiments  in  which 
N-acetylgalactosamine  and  N-acetylgalactosamine-specific  lectins  were  found  to  protect  the 
cells  from  cytolysis  (21).  Interestingly,  N-acetylgalactosamine  was  also  found  to  protect  a 
mosquito  cell  line  against  the  cytolytic  effect  of  a  Bacillus  sphaericus  toxin  (6).  Similar 
experiments  with  aizawai  (13)  and  entomocidus  (Knowles,  8.H.  unpublished)  toxins  have 
shown  that  D-glucose  is  an  important  component  of  the  receptor  for  these  toxins.  Because  of  the 
undefined  nature  of  these  insect  cell  lines,  results  from  such  in  vitro  studies  must  be 
supplemented  by  experiments  with  gut  epithelium  preparations.  Recently  Hoffman  et  al  (17) 
showed  the  existence  of  high  affinity  saturable  binding  sites  in  a  vesicle  preparation  from  the 
larval  midgut  brush  border  and  have  found  a  correlation  between  this  specific  binding  and  toxin 
specificity.  Despite  the  acknowledged  limitations  of  the  insect, cell  lines,  in  two  instances  we 
have  been  able  to  reproduce  in  vitro  the  dual  activity  spectrum  (Lepidoptera  and  Diptera 
toxicity)  observed  in  vivo  (12,  Nicholls,  C.N.  et  al. ,  J.  Bacteriol.  in  press). 

Early  work  with  the  cytA  (Table  1)  toxin  showed  that  it  was  rapidly  lytic  to  all  eukaryotic 
cells  tested  (32).  This  broad  activity  in  vitro  was  attributed  to  its  high  hydrophobicity  and  the 
discovery  that  it  binds  to  certain  ubiquitous  membrane  phospholipids  provided  they  are 
substituted  with  unsaturated  fatty  acids  (32,33).  These  data  however  failed  to  explain  the  fact 
that  in  vivo  the  cloned  cytA  toxin  is  highly  specific  for  dipteran  lanrae  (33).  Recent  studies  in 
which  this  cloned  toxin  was  modified  by  site-directed  mutagenesis  (34,  G.  Armstrong: 
unpublished)  suggest  that  like  the  other  toxins  in  Table  1,  an  insect  specific  receptor  may  be 
necessary  for  this  toxin  to  be  active  in  vivo.  When  Glutamate  204  in  this  toxin  was  replaced 
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by  alanine ,  the  resulting  protein  was  still  toxic  to  dipteran  cells  in  vitro,  but  no  longer  bound 
phospholipids  and  had  lost  toxicity  to  lepidopteran  cells.  We  interpret  these  results  to  suggest 
that  the  wild  type  cytA  protein  can  insert  into  membranes  by  two  mochanisms:  (a)  simple 
partition  into  the  bilayer  by  virtue  of  an  appropriate  configurar’on  of  highly  hydrophobic 
segments.  (This  would  be  the  basis  for  the  broad  in  vitro  activity  of  the  wild  type  toxin);  (b)  a 
two-step  membrane  insertion  in  which  step  (a)  is  preceded  by  toxin  binding  to  an  insect 
specific  receptor.  (This  is  the  mechanism  we  believe  occurs  in  vivo).  The  results  with  the 
Glu204  mutant  suggest  that  this  amino  acid  replacement  interferes  with  step  (a)  so  that  unless 
tha  tissue  specific  receptor  is  present  to  assist  in  targetting  the  toxin  to  the  bilayer,  it  is 
unable  to  insert  and  trigger  cytolysis.  An  explanation  for  the  failure  of  the  wild  type  toxin  to 
kill  lepidoptera  in  vivo  by  mechanism  (a)  may  reside  in  the  observation  that  spontaneous 
insertion  of  this  toxin  into  lipid  bilayers  (i.e.  mechanism  (a))  is  dependent  both  on  bulk  pH 
and  net  charge  on  the  lipid  headgroups  (24,  Knowles,  B.H.  &  Carroll,  J.,  unpublished).  In  the 
insect  gut,  conditions  for  spontaneous  insertion  may  be  unfavourable  (local  pH,  surface  charge 
etc.)  and  the  close  juxtaposition  of  toxin  and  lipid  molecules  brought  about  by  receptor  binding 
may  thus  be  the  only  route  by  which  the  toxin  can  insert  into  the  lipid  bilayer  in  vivo. 


2.  EVIDENCE  FOR  d-ENOOTOXIN  INSERTION  INTO  MEMBRANES 

Reference  was  made  in  1  above  to  our  early  studies  (31,32 )  that  showed  the  27  kOa  cytA 
protein  (Table  1)  binds  to  lipid  vesicles  (liposomes).  An  immunologically  distinct  28  kOa  toxin 
from  a  darmstadtiensis  strain  with  very  similar  cytolytic  properties  has  been  described  (9) 
and  designated  cytB  in  accord  with  the  nomenclature  proposed  by  Hofte  and  Whiteley  (19).  To 
investigate  the  topology  of  this  lipid  binding  we  treated  liposomes  that  had  bound  the  cytA  toxin 
with  proteinase  K.  Two  large  peptides  (  8.5  kOa  and  9kOa)  were  protected  from  digestion  ,  with 
N-termini  corresponding  to  residues  45  and  154  of  the  248  residue  toxin.  This  result  suggests 
that  the  bulk  of  this  toxin  is  inserted  into  the  lipid  phase  consistent  with  its  high 
hydrophobicity.  Conceivably  only  a  segment  at  the  N-terminus  (residues  1  -44 )  and  a 
predicted  extramembranous  loop  region  containing  residues  153-172  ,  may  be  exposed  in 
the  aqueous  phase  after  insertion.  For  the  other  3-endotoxins  the  topological  details  of  the 
membrane  association  are  not  yet  available,  but  data  from  other  experiments  indicate  that  they 
also  can  interact  intimately  with  phospholipid  bilayers. 

Conditions  that  influence  liposome  aggregation  or  lipid  bilayer  structure  result  in  changes  in 
the  turbidity  of  liposome  suspensions  and  this  approach  has  been  used  previously  for 
investigating  the  mode  of  action  of  some  bacterial  protein  toxins  including  diphtheria  toxin  and 
its  mutants  (27).  We  recently  employed  this  strategy  to  study  wild  type  and  mutant  Bt  toxins 
(16,  Haider, M.Z.  &  Ellar,  D.J.,  J.  Mol.  Biol,  in  press ).  Addition  of  wild  type  toxins  to 
liposome  suspensions  lead  to  an  immediate  increase  in  the  turbidity  of  the  suspension.  The 
nature  of  the  turbidity  changes  further  suggested  that  the  BT  toxins  were  partitioning  into 
bilayers  to  form  stable  pores  which  would  be  expected  to  allow  leakage  of  liposome  contents  to 
the  exterior.  This  leakage  was  confirmed  in  subsequent  experiments  (see  3  below). 

3.  CHARACTERISTICS  OF  THE  3-ENOOTOXIN  PORE  IN  THE  MEMBRANE 

In  our  general  model  for  BT  d-endotoxins  (10,13,23 )  we  propose  that  these  toxins  kill 
cells  by  colloid  osmotic  lysis  as  do  other  bacterial  toxins  such  as  Staphyloccoccus  aureus 
a-toxin  and  Pseudomonas  aeruginosa  cytotoxic  protein.  Toxin  binding  to  membrane  receptors 
leads  to  the  creation  of  a  membrane  leakage  pore  that  allows  equilibration  of  ions  between  the 
cell  and  the  exterior.  The  accompanying  net  influx  of  water  into  the  cell  will  result  in  cell 
swelling  and  eventual  lysis.  One  prediction  of  this  theory  is  that  external  molecules  with 
viscometric  radii  too  large  to  allow  them  to  enter  the  toxin-induced  leakage  pore  will  act  as 
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osmotic  protectants  by  maintaining  a  high  extemai  osmotic  pressure  and  preventing  water 
influx.  This  phenomenon  of  ncn-specific  osmotic  protection  forms  the  basis  of  a  method  for 
measuring  the  dimensions  of  the  pore  (35).  Application  of  this  method  to  a  range  of  BT  toxins 
showed  that  raffinose  and  larger  molecules  were  able  to  prevent  cytolysis  completely,  while 
smaller  molecules  delayed  toxicity  to  an  extent  dependent  on  their  size,  presumably  reflecting 
the  time  taken  to  diffuse  through  the  pore  (13,23).  From  these  results  a  pore  radius  of 
0.5*1 .0  nm  was  estimated  for  BT  toxins  with  very  different  specificities.  This  is  similar  in 
size  to  pores  formed  by  other  bacterial  toxins  believed  to  act  by  colloid  osmotic  lysis,  e.g.  1 .2 
nm  for  Pseudomonas  aeruginosa  cytotoxic  protein  (35)  and  1*1.5nm  for  Staphylococcus 
aureus  a-toxin  (3). 

We  have  recently  obtained  data  on  the  selectivity  of  the  pore  created  by  insertion  of  the  cytA 
toxin  into  lipid  bilayers  (24).  At  alkaline  pH's  the  toxin  was  found  to  insert  spontaneously 
into  planar  biiayers  where  it  formed  cation-selective  channels  permeable  to  K'*'  and  Na'^  but 
not  N-methylglucamine  or  Cl*.  The  channels  showed  very  fast  cooperative  opening  and  closing. 
Channel  opening  was  greatly  reduced  in  the  presence  of  divalent  cations  (Ca  Mg  )  and 
the  effect  was  reversed  when  these  ions  were  removed.  A  number  of  diverse  pore-forming 
agents  are  inhibited  by  divalent  cations  (2)  including  BT  toxins  (8). 

The  rate  of  leakage  of  labelled  markers  from  susceptible  insect  cells  treated  with  BT 
d-endotoxins  was  proportional  to  the  marker  size:  ^^Rb  leaking  out  first,  followed  by 
uridine  and  then  ^''Cr  (Mr  3000)  (23).  In  other  experiments  (Knowles  et  al,  this  volume)  the 
rate  of  glucose  release  from  liposomes  exposed  to  cytA  toxin  was  directly  proportional  to  toxin 
concentration,  but  even  at  high  toxin  doses,  there  was  invariably  a  time  lag  before  release 
began.  This  lag  time  doubled  for  a  two-fold  decrease  in  toxin  concentration,  a  result  also 
observed  when  the  inhibition  of  insect  Malpighian  tubule  fluid  secretion  caused  by  cytA  was 
studied  (25).  Mathematical  modelling  of  these  data  (25)  suggested  that  the  cytA  pore  may 
be  composed  of  as  many  as  1 2  individual  molecules,  but  further  work  is  required  to  substantiate 
this.  Rg  1  thus  summarises  our  current  hypothesis  for  toxin-membrane  interaction  based  upon 
the  above  data .  The  symbol  R  denotes  an  insect  specific  receptor  and  S  symbolises  a  segment(s) 
of  the  toxins  responsible  for  receptor  recognition.  In  vivo  the  binding  of  toxin  to  the  receptor  is 
a  prerequisite  for  the  subsequent  conformational  change  which  promotes  membrane  insertion  of 
the  toxin  and  pore  formation.  The  latter  may  involve  a  further  process  of  oligomerization  of 
individual  molecules. 

4.  STRUCTURAL  BASIS  FOR  3-ENDOTOXIN  ACTION 

The  sequences  of  all  the  3-endotoxins  in  Table  1  except  cytB  have  been  determined  (for 
review  see  19).  Our  proposal  that  toxins  with  quite  different  insect  targets  share  a  common 
cytolytic  mechanism  argues  that  we  might  expect  to  discover  certain  common  structural  motifs 
by  comparing  these  sequences.  For  example  in  the  colloid  osmotic  lysis  mechanism  we  propose, 
different  toxin  domains  may  be  responsible  for  the  steps  of  receptor  recognition  and  membrane 
insertion.  Sequence  comparisons  of  toxins  with  different  specificity  show  a  consistent  excess  of 
hydrophobic  residues  in  the  N-terminal  250  amino  acids  which  is  therefore  a  candidate  region 
for  promoting  membrane  insertion.  Moreover  the  hydrophobic  plots  of  this  region  from  toxins 
of  different  insecticidaf  specificity  are  remarkably  similar  despite  the  lack  of  direct  sequence 
similarity  in  several  instances  (5).  This  postulate  role  for  this  region  is  reinforced  by  the 
finding  that  an  aizawai  toxin  deletion  mutant  encoding  only  the  N-terminal  242  amino  acids  ( 

A242  in  Fig  2)  retained  the  capacity  to  perturb  lipid  bilayers  shown  by  the  full  length  toxin 
(Haider,  M.Z  and  Ellar,  D.J.  J.Mol.  Biol,  in  press).  Sanchis  etal  (28)  have  recently  postulated 
that  the  second  half  of  the  active  toxins  including  the  conserved  regions  D3-D6  (see  below  and 
Fig  2)  may  be  responsible  for  detennining  the  specificity  of  the  toxins. 
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In  making  such  sequence  comparisons  we  must  take  into  account  the  fact  that  the  active  forms 
of  these  toxins  produced  by  the  action  of  gut  proteases  are  significantiy  smaller  than  the 
protoxins.  In  the  cases  of  the  -ISOkDa  lepidopteran  toxins  the  minimum  toxic  polypeptide 
determined  by  deletion  mutagenesis  (15,18,23),  generally  comprises  a  55-70  KDa  protease 
resistant  fragment  starting  between  amino  adds  29  and  35  at  the  N-terminus  and 
terminating  between  positions  590  and  620  at  the  C-terminus .  Amino  acid  sequendng  of  the 
-  60kDa  dendrolimus  d  endotoxin  activated  by  trypsin  treatment  showed  that  28  residues  had 
been  cleaved  from  the  N-terminus  ( 26).  Lanral  gut  enzymes  are  i.herefore  responsible  for 
extensive  C-terminal  processing.  This  generai  scheme  is  shown  below  in  Figure  2  for  the 
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Rgure  2.  Generalised  diagram  based  on  the  sotto  crylA(a)  gene  showing  the  approximate 
locations  of  conserved  sequences  (D1-D6) ,  potential  transmembrane  helices  (1-5)  and  the 
hydrophobic  sequence  (H)  exposed  after  protoxin  activation,  aph  denotes  potential  amphiphilic 
helices.  Toxicity  for  lepkJoptera  (L),  diptera  (D);  Non  toxic  (-).For  other  details  see  text. 

sotto  toxin  with  the  approximate  gut  enzyme  cleavage  points  at  the  N  and  C-termini  indicated  by 
arrows.  By  contrast,  activation  of  the  coleopteran  (crylllA)  and  dual  specifcily  cryllA 
(lepidopteran  and  dipteran)  toxins  which  are  approximately  half  the  size  of  the  monospecific 
lepidopteran  -ISOkDa  protoxins  (T able  1 ),  is  characterised  by  extensive  N-terminal 
proteolysis  (Carroll,  J.  et  al  Biochem.  J.  in  press:  Nicholls,  C.N.  et  al;  J.  Bacteriol.  in  press.) 

144  and  158  residues  respectively  are  removed  from  the  N-terminus  of  the  crylllA  and  cryllA 
proteins  (approximate  cleavage  points  indicated  by  arrows  in  Fig  2)  with  little  if  any 
proteolysis  at  the  C-terminus.  Other  sequence  comparisons  of  the  toxin  genes  has  revealed 
the  presence  of  six  conserved  domains  (D1 -D6  in  Fig  2).  In  the  sotto  sequence  these  occur 
between  amino  acids  152-183  (D1),  200-216  (D2),  225-267  (D3),  452-498  (D4) 

512-523  (D5)  and  591-604  (D6)  (15, 28,  C.Hodgman,  personal  communication) 

Three  of  the  highly  conserved  domains  (D1 ,  D2 , 03)  are  contained  in  the  N-terminal  250 
amino  acids.  Secondary  structura  analysis  of  01  in  the  sotto  tepUopteran  toxin  predicts 
an  alpha  helix  between  residues  162  and  169  flanked  on  each  side  by  a  highly  hydrophobic 
beta  segment.  With  the  exception  of  the  cryiVB  israelensis  mosquito  toxin  (5)  the  01  region 
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b)  an  tfw  other  toxins  is  predicted  to  contain  an  aipha  helical  segment.  In  ail  the  toxins  except 
for  ciylB  this  helix  is  flanked  on  one  or  txth  sides  by  hydrophobic  beta  segments.  Despite  any 
significant  sequence  similarity  corresponding  to  D1  between  the  27  KDa  cytA 
mosquitocidat  protein  and  alt  the  other  toxins,  this  toxin  is  also  predicted  to  contain  regions 
with  ^is  hydrophobic  beta  -alpha  -beta  stnjcture.  We  recently  tested  the  structural 
importance  of  this  alpha  heiix  in  the  sotto  crylA(a)  toxin  by  rep'acing  the  highly  consented 
alanine  165  with  proiine  (W.  Ahmad,  unpublished).  The  fact  that  the  toxicity  of  the  mutant 
protein  was  reduced  by  80%  suggests  that  consenration  of  this  D1  helical  segment  is  important 
for  toxicity.  Interestingly  depite  the  low  in  vivo  toxicity,  the  capacity  of  the  tT.utant  toxin  to  . 
bind  to  putative  receptors  on  the  membrane  of  susceptible  cells  was  unimpaired. 

In  another  sotto  mutant  we  replaced  PheSO  and  ValSI  with  two  aspartate  residues.  This  has 
the  predicted  effect  of  introducing  two  charges  and  two  turns  into  thA  conserved  hydrophobic 
region  at  the  extreme  N-terminus  (H  in  Pig  2).  This  highly  hydrophobic  segment  is  exposed 
by  the  removal  of  28  residues  from  the  N-terminus  during  protoxin  activation  in  the  larval 
gut.  The  toxicity  of  this  mutant  in  vivo  was  reduced  by  60%  but  again  receptor  binding  was 
apparently  unaffected.  On  the  basis  of  these  results  we  would  tentatively  conclude  that  both  the 
N-termind  hydrophobic  H-region  and  the  01  region  are  involved  in  the  formation  of  the 
transmembrane  lytic  pore  rather  than  the  prior  event  of  receptor  racognition.  Figure  2  also 
summarises  some  of  the  results  from  our  experiments  to  identify  segments  of  the  aizawai  IC1 
crylA(b)  toxin  responsible  for  its  dual  specificity  (lepidopteraarKldiptera)  (11-16; 

Haider,M.Z.  &  Ellar,  0  J.,  J.  Mol.  Biol.,  in  press).  Whereas  the  monospecific  lepidopteran 
protoxins  are  proteolytically  activated  to  -60k0a  toxins,  the  aizawai  IC1  toxin  is  processed  to 
a  SSkOa  lepidopteran  toxin  by  lepidopteran  gut  enzymes  and  a  S3k0a  dipteran-specific  toxin  by 
dipteran  proteases.  Although  the  dual  specificity  IC1  toxin  differs  by  only  three  residues  from 
the  monospecific  beriiner  crylA(b)  toxin,  two  of  these  differences  are  in  residues  linked  on 
tt)e  C-tenninal  side  to  Arg  544  and  Arg  567  (the  relative  positions  of  these  residues  in  the 
aizawai  toxin  are  arrowed  in  Fig  2 ).  Computer  analysis  (16)  suggests  that  these  substitutions 
could  significantly  alter  the  environments  (and  hence  protease  sensitivity)  of  both  arginines 
compared  to  the  corresponding  arginines  in  the  beriiner  toxin. 

Results  from  site-directed  and  deletion  mutagenesis  (Haider,  M.  and  Ellar,  D.J.;  J.  Mol.  Biol, 
in  press )  indicate  that  cleavage  of  the  aizawai  toxin  at  Arg  567  by  lepidopteran  enzymes  and  at 
Arg  544  by  dipteran  enzymes  generates  toxins  with  different  insect  specificity.  In  the  case  of 
the  active  60k0a  beriiner  lepidopteran  toxin,  C-terminat  processing  is  thought  to  proceed  no 
further  than  Arg  601 .  These  data  lead  us  to  propose  a  model  for  the  folded  structure  of  the 
activated  d-ehdotoxin  in  which  regions  important  for  specificity  determination  close  to  the 
C-terminus  associate  with  a  hydrophobic  N-terminal  segment  comprising  all  or  part  of  the 
first  *-250  residues  (Haider,  M.  and  Ellar,  D.J.;  J.  Mol.  Biol,  in  press ).  This  model  is 
supported  by  the  finding  that  what  we  believe  to  be  an  aizawai  iCi  fusion  protein  consisting  of 
the  C-terminal  segment  Arg  524-Arg544  linked  to  the  N-terminal  241  residues  (Deletion 
mutant  1  in  Fig  2)  exhfoits  dipteran  toxicity,  whereas  a  deletion  mutant  encoding  only  the  241 
N-terminal  residues  inserts  into  lipid  bilayers  but  lacks  dipteran  toxicity. 

The  possibility  that  the  determinants  for  membrane  insertion  of  these  toxins  reside  in  the 
hydrophobic  N-terminal  half  is  supported  by  a  structural  analysis  (C.  Hodgman,  unpublished) 
which  shows  a  remarkable  conservation  of  6  potential  transmembrane  helical  segments  in  all 
the  cry  toxins  in  Table  1 .(  Boxes  1-6  in  Fig  2).  The  predicted  conservation  of  these  helices 
despite  the  lack  of  direct  sequence  similarity  in  many  instances,  suggests  they  may  play  an 
important  role  in  the  general  model  of  d-endotoxin  cytolysis  that  we  ha-/e  proposed 
(10,13.23). 
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Th«  cellular  pertussis  vaccine  introduced  in  the  forties 
has  drastically  reduced  the  morbidity  and  mortality  due  to 
whooping  cough.  As  a  consequence  of  the  disappearance  of 
pertussis  in  many  countries  following  extensive  vaccination 
campaigns,  public  fears  sibout  advers  r  reactions  to 
vaccination  have  grown  and  the  use  o*  the  vaccine  has 
decreased,  resulting  in  an  increased  infaat  mortality  due 
to  the  disease.  This  stressed  the  need  for  a  safer  vaccine 
against  whooping  cough  and,  so  far,  several  acellular 
vaccines  have  been  proposed.  Pertussis  toxin  (PT) ,  a  main 
virulence  factor  of  Bordetella  pertussis,  either  alone  or 
in  combination  with  other  antigens  is  the  main  component  of 
all  acellular  vaccines  so  far  developed.  Two  acellular 
vaccines,  one  made  of  formaldehyde  inactivated  pertussis 
toxin  (PT)  and  the  other  made  of  formaldehyde  inactivated 
pertussis  toxin  and  filamentous  haemagglutinin  (PT  FHA) 
have  recently  been  used  in  a  clinical  trial  in  Sweden  (1) . 
Both  vaccines  resulted  equally  effective  in  preventing 
severe  disease.  It  is  therefore  generally  believed  that 
future  pertussis  vaccines  will  contain  inactivated 
pertussis  toxin  alone  or  in  combination  with  other 
molecules  as  FHA,  pili  or  the  outer  membrane  protein  69k. 
However,  there  is  a  need  for  better  methods  to  obtain 
complete  and  stable  detoxification  of  PT  because  the  severe 
complications  of  the  cellular  pertussis  vaccine  may  be  due 
to  minute  traces  of  active  PT  and  the  d'^toxified  PT  used  in 
Sweden  showed  some  reversion  to  toxicity  (2) . 

We  have  approached  the  study  of  new  acellular  pertussis 
vaccines  by  using  recombinant  DNA  techniques. 
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PERTUSSIS  TOXIN 


Pertussis  toxin  (PT)  is  an  extracellular  protein  composed 
of  five  different  sxibunits  which  have  been  named  SI,  S2, 
S3,  S4  and  S5  according  to  their  electrophoretic  mobility. 
Like  many  other  bacterial  protein  toxins,  PT  can  be  divided 
into  domains  A  and  B.  A  (composed  of  subunit  SI)  is  an 
enzyme  which  binds  NAO  and  transfers  the  ADP-ribose  group 
to  a  feunily  of  GTP  binding  proteins  involved  in  the 
translocation  of  signals  across  the  cellular  membrane  of 
eukaryotic  cells.  B  (composed  of  subunits  S2,  S3,  S4  and 
S5) ,  binds  the  receptors  on  the  surface  of  eukaryotic  cells 
and  .  facilitates  the  entry  of  the  toxic  subunit  SI  into  the 
cells  (3,  4)  . 

Immunization  of  mice  with  the  detoxified  pertussis  toxin 
induces  in  vivo  protection  against  the  intracerebral 
challenge  with  virulent  B.  pertussis  and  antibodies  which 
are  able  to  neutralize  in  vitro  the  toxicity  of  pertussis 
toxin  in  the  CHO  assay  (5,  6) .  Monoclonal  antibodies, 
raised  against  detoxified  pertussis  toxin  but  recognizing 
subunit  SI,  are  also  able  to  neutralize  the  toxic  activity 
in  vitro  and  to  protect  mice  in  vivo  (7,  8),  suggesting 
that  protection  against  pertussis  infection  can  be  achieved 
by  immunizing  with  pertussis  toxin  alone. 

In  order  to  produce  in  B.  coli  large  amounts  of  non  toxic 
pertussis  toxin,  suitable  for  large  scale  vaccination,  we 
cloned  and  sequenced  the  genes  encoding  the  5  subunits  of 
pertussis  toxin  (9,  10) .  The  5  genes  were  found  to  be 
clustered  in  a  segment  of  DNA  of  3200  base  pairs  and  to  be 
organized  in  an  operon.  Attempts  to  express  the  PT  operon 
in  E.  coli  were  unsuccessful  (11)  .  He  therefore  engineered 
5  strains  of  E.  coli  which  expressed  each  of  the  five 
subunits  as  fusion  proteins  (11)  .  The  purified 
fusion-proteino  expressed  in  E.  coli  were  then  used  to 
immunize  rabbits,  mice  and  sheep  to  verify  whether  we  could 
induce  protective  immunity  against  whooping  cough  by  using 
the  recombinant  subunits  as  antigen.  To  our  surprise, 
although  the  recombinant  subunits  were  able  to  elicit  high 
titers  of  antibodies  which  recognized  the  natural  subunits 
in  Western  blot,  they  were  unable  to  induce  any  protective 
immunity  in  vitro  or  in  vivo.  This  finding  was  unexpected, 
since  previous  reports  that  monoclonal  antibodies  against 
the  SI  subunit  were  protective  had  suggested  that 
polyclonal  anti  SI  antibodies  should  also  be  protective. 
Furthermore,  the  finding  that  the  recombinant  SI  subunit 
had  full  enzymatic  activity  indicated  that  the  folding  of 
the  recombinant  molecule  had  to  be  similar  to  the  natural 
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MAPPING  OF  THE  PROTECTIVE  EPITOPE (S)  OF  SUBUNIT  SI 


Nith  the  aim  of  resolving  the  discrepancy  between  the  fact 
that  immunization  with  pertussis  toxin  induces  protective 
anti  SI  antibodies,  while  immunization  with  the  recombinant 
SI  molecule  does  not  induce  protective  immunity,  we 
collected  seven  protective  anti  SI  antibodies  with  the 
Intention  of  mapping  their  epitopes.  In  order  to  do  so,  we 
constructed  a  nximber  of  plasmids  expressing  a  series  of 
aminoterminal  or  carboxyterminal  deletions  <8ee  fig.  1) , 
and  we  tested  the  reactivity  of  these  molecules  with  the 
seven  protective  monoclonal  antibodies  and  with  two 
non-protective  monoclonals. 
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Fig.  1.  Map  of  the  SI  subunit  of  pertussis  toxin  and  of  the 
deletion  mutants  used  in  this  study.  On  the  right,  the 
immunoreactivity  (+  or  -)  of  the  seven  protective 
monoclonal  antibodies  and  the  two  non  protective  mAbs  are 
reported.  The  three  regions  (A,  B  and  C)  which  are  required 
for  protective  antibody  binding  are  indicated  at  the  bottom 
of  the  figure.  The  numbers  below  the  PTE255  refer  to  the 
auninoacid  sequence.  The  restriction  sites  which  were  used 
to  generate  the  deletion  mutants  are  shown  on  the  top  of 
the  figure. 


As  shown  in  fig.  1,  all  the  protective  antibodies  were  able 
to  recognize  the  deletion  mutants  NCO  and  NRU  but  did  not 
recognize  the  deletion  mutant  BAL,  indicating  that  the 


510  '  M.G.  Pizza  et  al. 


region  comprised  between  the  Krul  and  Ball  sites  is 
essential  for  antibody  recognition.  Surprisingly,  none  of 
the  deletion  mutants  at  the  5'  region,  although  containing 
the  region  between  Ball  and  Mrul,  were  recognized  by  the 
protective  monoclonal  antibodies. 

Since  the  mutant  16A  lacks  only  10  aminoacids  at  the 
aninoterminus,  we  may  conclude  that  two  discontiguous 
segments  containing  zuninoacids  I'-IO  (region  A  in  fig.  1) 
and  124-179  (region  C  in  fig.  1)  are  required  for  binding 
to  the  protective  mAbs.  In  marked  contrast,  the  non 
protective  antibodies  X2XS  and  6G7  recognized  an  apparently 
contiguous  epitope,  since  they  were  able  to  bind  all  the 
clones  containing  the  regions  2-67  and  124-179, 
respectively  (see  fig.  1)  . 

To  tost  whether  the  two  halves  of  the  SI  molecule,  which 
are  not  recognized  separately  by  the  protective  antibodies, 
would  reconstitute  the  epitope  in  vitro,  the  mutant 
proteins  BAL  and  2S5/BAL  were  mixed  in  8M  urea  and  allowed 
to  refold  in  vitro.  The  mixture  was  then  tested  for 
binding  to  the  mAbs  by  dot  blot  assay.  As  shown  in  fig.  2, 
the  mixture  of  the  two  fragments  is  recognized  by  the  mAbs, 
indicating  that  the  two  fragments  are  able  to  fold  in  a 
structure  structurally  identical  to  the  native  epitope 
(12)  . 


A  B  C  D 
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Fig.  2.  Dot  blot  assay  showing  that  the  aminoterminal 
deletion  mutant  BAL  (A)  and  the  carboxytv'rminal  deletion 
mutant  255/BAL  (B)  are  not  recognized  by  the  protective 
monoclonal  antibodies.  However,  a  mixture  of  the  two 
molecules,  after  in  vitro  refolding,  is  recognized  by  the 
protective  raonoclonals  (C) .  D  contains  the  entilo  SI 
molecule  as  a  positive  control. 
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Further  experiments  using  all  the  possible  combinations  of 
the  aminoterminal  and  carboxyterminal  deletion  mutants 
showed  that  BAL  could  be  complemented  by  all  the 
juninoterminal  deletion  mutants  while  SPH  could  be 
complemented  only  by  16A  and  34A.  This  suggested  that  the 
continuity  of  the  aminoacid  sequence  spanning  the  SPH  1 
site  (region  B  in  fig.  1)  is  also  necessary  for  antibody 
recognition.  The  above  data,  also  confirmed  by  sandwich 
and  competitive  radioimmunoassay,  showed  that  regions  A,  B 
and  C  are  necessary  for  protective  antibody  binding.  Since 
regions  B  and  C  are  adjacent  in  the  native  SI  molecule 
which  CO '  '‘'ins  a  disulfide  bridge  linking  cysteine  41  to 
cysteine  iu..,  it  is  likely  that  regions  B  and  C  are  part  of 
the  epitope  recognized  by  the  protective  monoclonal 
antibodies,  while  region  A  is  required  for  the  appropriate 
folding  of  the  epitope  itself. 


A  MODEL  FOR  THE  MECHANISM  OF  ACTION 
OF  THE  PROTECTIVE  ANTI  SI  ANTIBODIES 


The  mapping  of  the  conformational  epitope  recognized  by  the 
protective  monoclonal  antibodies  suggests  the  mechanism  of 
action  which  is  shown  schematically  in  fig.  3:  the  SI 
subunit  contained  in  the  native  pertussis  toxin  is 
enzymatically  inactive  because  the  disulfide  bridge  does 
not  allow  the  appropriate  folding  of  the  active  site. 
Following  reduction  of  the  disulfide  bridge  (fig.  3,  left), 
the  active  site  can  be  formed  and  the  SI  molecule  becomes 
enzymatically  active  and  therefore  toxic. 

In  the  presence  of  protective  antibodies  which  bind  both 
sides  of  the  molecule  in  proximity  to  the  disulfide  bridge 
(fig.  3,  right),  the  active  site  cannot  be  formed  even 
after  reduction  of  the  disulfide  bridge,  and  therefore  the 
SI  molecule  remains  inactive. 

The  above  mo<..  1  also  explains  why  protective  immunity  can 
be  achieved  by  immunizing  with  the  native  pertussis  toxin 
but  not  with  the  recombinant  SI  subunit.  In  fact,  the 
native  pertussis  toxin  contains  the  correctly  folded  SI 
molecule  and  is  therefore  able  to  induce  antibodies  against 
the  conformational  protective  epitope  (fig.  4A) .  The 
recombinant  SI  molecules  on  the  other  hand,  being  already 
unfolded,  do  not  contain  the  protective  epitope  and 
therefore  cannot  induce  protective  immunity  (fig.  4B) . 
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Fig.  3.  Mechanism  of  action  of  the  SI  subunit  (left)  which 
is  enzymatically  inactive  when  present  in  the  pertussis 
toxin  molecules  and  becomes  enzymatically  active  following 
reduction  of  the  disulfide  bridge  which  allows  the 
appropriate  folding  of  the  active  site.  When  the  SI 
molecule  has  been  bound  by  a  protective  antibody  (right) , 
the  active  site  cannot  be  formed  even  after  reduction  of 
the  disulfide  bridge  and  the  molecule  remains  inactive. 


Pertussis  Toxin  CRMs  and  New  Vaccines  against  Whooping  cough  •  513 


Fig.  4.  Structure  of  the  native  SI  subunit  (left)  which 
contains  the  regions  A,  B  and  C  of  fig.  1  folded  to  form 
the  protective  epitope.  The  recombinant  SI  subunits 
(right) ,  although  enzymatically  active,  contain  mostly 
unfolded  molecules  and  therefore  cannot  induce  antibodies 
against  the  protective  epitope. 


ENZYMATICALLY  INACTIVE  PERTUSSIS  TOXIN  MOLECULES 

The  failure  to  induce  protective  immunity  using  recombinant 
pertussis  toxin  subunits  indicates  that  the  detoxified 
pertussis  toxin  should  be  the  antigen  of  choice  for 
vaccinatici  against  whooping  cough.  The  pioneering  work 
carried  out  with  diphtheria  Cross  Reacting  Materials  (CRMs) 
has  shown  that  the  best  way  to  produce  a  completely 
detoxified  molecule  is  to  engineer  its  gene  in  such  a  way 
that  it  will  encode  an  immunologically  active  but  non  toxic 
molecule  (13,  14,  15)  . 

In  order  to  produce  such  a  molecule,  the  deletion  mutants 
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shown  in  fig.  1  were  tested  for  enzymatic  activity.  The 
region  2-179  which  was  found  to  be  still  enzymatically 
active  was  mutagenized  by  site-directed  mutagenesis.  We 
found  3  mutants  where  minor  aminoacid  changes  completely 
abolished  the  enzymatic  activity  (16) .  Two  of  them  had 
aminoacid  changes  in  the  region  of  the  SI  molecule  which 
shows  homology  to  cholera  toxin,  while  the  third  one 
involves  substitution  of  glutamic  acid  129,  an  aminoacid 
located  in  the  catal^^^tic  site  of  the  enzyme,  structurally 
homologous  to  glu-148  of  diphtheria  toxin  and  glu-553 
pseudomonas  exotoxin  A.  Lysine  9  (17),  Aspartic  acid  11, 
Arginine  13  and  tryptophan  26  (18)  were  also  found  by  other 
ledsoratories  to  be  essential  for  enzymatic  activity. 
Mutated  SI  genes  encoding  enzymatically  inactive  SI 
subunits  were  then  introduced  into  the  PT  operon  and 
subsequently  into  Bordetella  pertussis  strains,  where  the 
wild  type  PT  operon  had  been  previously  deleted. 

These  B.  pertussis  strains  expressing  mutated  PT  molecules 
where  then  grown  in  fermenters  and  the  PT  molecules 
purified  and  tested  for  toxicity.  Most  of  the  mutant  PT 
molecules  obtained  had  a  reduced  toxicity  in  CHO  cells  in 
the  leukocytosis  test  in  mices  (Table  I) . 

However,  none  of  them  had  a  toxicity  low  enough  to  be 
suitable  for  vaccine  development.  To  further  reduce  the 
toxicity  of  the  PT  mutants  we  introduced  two  of  the  above 
independent  mutations  in  a  single  SI  gene  and  we 
introduced  them  in  Bordetella. 

Two  double  mutants,  one  containing  the  Arg  -♦  Lys  and  Glu 
129  -»  Gly  mutations  and  the  other  containing  the  Arg  13  -♦ 
Leu  and  glu  129  -♦  Gly  mutations  were  found  to  be  devoid  of 
any  in  vivo  and  in  vitro  toxicity  (Table  I)  and  therefore 
they  wore  suitzblo  for  vaccine  development,  provided  that 
they  were  able  to  induce  protective  immunity.  Therefore  we 
immunized  rabbits  and  guinea  pigs  with  the  double  mutants 
and  we  tested  the  ability  of  the  sera  obtained  to 
neutralize  the  activity  of  pertussis  toxin.  Both  mutants 
were  zible  to  induce  levels  of  neutralizing  antibodies 
similar  to  those  obtained  by  immunizing  with  wild  type 
pertussis  toxin.  Finally  we  tested  the  ability  of  these  PT 
double  mutants  to  protect  mice  form  the  intracerebral 
challenge  with  virulent  Bordetella  pertussis,  a  test  which 
correlates  with  the  protection  of  the  cellular  vaccines. 

As  shown  on  Table  II,  complete  dose  dependent  protection 
could  be  achieved.  We  believe  that  the  PT  double  mutants 
here  described  are  ideal  molecules  for  the  development  of 
new  vaccines  against  whooping  cough. 
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In  vitro 

ZABLE  I 

and  in  vivo  toxicity  of  PT  onitants 

Mutant 

% 

% 

in  vitro 

in  vivo 

toxicity 

toxicity 

(CHO  cells) 

(lymphocytosis) 

Arg 

9 

-*  Lys 

0.1 

0.1 

Asp 

11 

-*  Ser 

100 

n.d. 

Arg 

13 

-*  Leu 

25 

n.d. 

Trp 

26 

-♦  Leu 

10 

n.d. 

Glu 

129 

-*  Gly 

5 

5 

Arg 

9 

-*  Lys 

Glu 

129 

-*  Gly 

<  0.0001 

<  0.001 

Arg 

13 

-»  Leu 

Glu 

129 

-*  Gly 

<  0.0001 

<  0.001 

TABI£  II 


Potency  of  the  PT  double  mutant  Arg  13  -♦  Leu,  129  G  -♦  Gly 
as  vaccines  against  whooping  cough  tested  by  the  survival 
of  immunized  mice  to  the  intracerebral  challenge  with 
virulent  B.  pertussis.  The  other  dotible  mutant  gave 
similar  results . 


immunizing  dose  (ug)  survivors 


30  16/16 

20  15/16 

15  12/16 

7.5  10/16 

3.75  9/16 

1.8  6/16 

0.9  3/16 
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INTRODUCTION 

The  B  subunit  toxoid  Is  a  pentamer  of  Identical  (12  kDa)  subunits  which 
bind  strongly  to  GMl-ganglloslde  on  the  surface  of  mucosal  cells.  It  Is 
a  potent  Immunogen,  stimulating  both  mucosal  and  systemic  humoural 
Immunity.  Genetic  modifications  to  the  3'“end  of  the  gene  encoding  the  B 
subunit  do  not  Interfer  with  the  pentamerlc  structure  or  lectln-blndlng 
property  of  the  toxoid,  when  a  sequence  of  amino  acid  residues,  Lys  Leu 
Gly  Pro  Gin  are  attached.  Here  we  describe  a  series  of  three  plasmid 
vectors  which  allow  the  convenient  insertion  of  defined  epitopes  and 
antigens  onto  B  subunits  containing  this  linker  sequence. 

MATERIALS  AND  METHODS 

Plasmid  pMMB138  (ref  1),  encoding  a  mutant  B  subunit  gene,  etx  B138  was 
used  to  Insert  a  series  of  three  oligonucleotide  sequences  which  coded  for 
the  linker  sequence,  Lys  Leu  Gly  Pro  Gin  and  convenient  restriction  sites 
for  Insertion  of  other  oligonucleotides  or  DNA  sequences  specifying 
epitopes  or  antigens  (Fig  1). 

+102 

pMMB68  Glu  Asn  *** 

GAAACTAGT 

Spel 

pMMB138  Glu  Lys  Leu  Ala  Pro  Gin  Lys  Arg  Trp  *** 

GAAAAGCTTGCCCCCCAGAAACGCTGGTGA 
Hlndlll 

pTRHlOO  Glu  Lys  Leu  Gly  Pro  Gin  Ala  Gly  Asp  *** 

GAAAAGCTGGGTCCGCAGGCCGGCGACTAG 


Nael 
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pTRHlOl  GIu  Lys  Leu  Gly  Pro  Gin  Gly  Arg  Hie  *** 

GAAAAGCTGGGTCCGCAGGGCCGGCACTAG 

Neel 

pTRH102  Glu  Lya  Leu  Gly  Pro  Gin  Pro  Alu  Aap  *** 

GAAAAGCTGGGTCCGCAGCCGGCTGACTAG 

Nael 

Fig  1  Plasmid  vectors  for  insertion  of  epitopes  and  antigens  into  Che 
NacI  sice  at  the  3'-end  of  extended  etxB  genes.  Plasmid  pMMB68  encodes 
wild-type  B  subunits.  The  Hlndlll  site  of  pHMB138  was  used  for  insertion 
of  oligonucleotides  coding  for  Che  linker  sequence  amino  acids. 

RESULTS 

The  oligonucleotides  shovm  in  Fig  1,  are  not  Che  complete  sequences  that 
were  Inserted  into  Che  Hindlll  site  of  pMMB138.  Sequences  distal  to  those 
abovei  specifying  restriction  endonuclease  recognition  sites  for  Spel, 
BamHI  and  Xbal  were  also  Included.  The  Nael  site  is  located  in  all  three 
reading  frames  in  the  respective  plasmids  pTRHlOO,  pTRHlOl  and  pTRm02. 
Expression  of  the  B  subunits  is  under  the  control  of  the  tac  promoter  and 
the  vectors  (derived  from  plasmid  pMMB66  (ref  2)  contain  rep  genes  which 
allow  the  plasmid  Co  replicate  In  a  wide  range  of  Gram  negative  bacteria. 

A  hybrid  protein  containing  the  B  subunit  fused  to  the  (NANP).  repetitive 
epitope  of  Che  malaria  parasite  Plasmodium  falciparum  was  produced  by 
Inserting  an  oligonucleotide  sequence  coding  for  the  (NANP)-  epitope  into 
the  Nael  site  of  plasmid  pTRH102.  The  carboxyl  terminus  of^the  fusion 
protein  is  shown  below: 

+102 

. . .  Glu  Lys  Leu  Gly  Pro  Gin  Pro  Asn  Ala  Asn  Pro  Asn  Ala  Asp  Pro  Asn  Ala 
Asn  Pro 

The  hybrid  protein  is  approx  15  kDa  in  size,  it  assembles  into  stable 
pentamers  that  bind  to  GMl-ganglioslde .  The  hybrid  is  recognized  by  both 
anti-B  subunit  and  antl-NANP  monoclonal  antibodies. 

CONCLUSION 

Plasmids  have  been  constructed  which  allow  the  production  of  hybrid 
proteins  comprised  of  the  E.  coll  heat-labile  toxoid  B  subunit,  a  short 
linker  sequence  and  an  epitope  or  antigen.  We  have  successfully  used 
those  vectors  to  generate  a  stable,  pentameric  antigen  comprised  of  the  B 
subunit  and  the  (NANP)^  repetitive  epitope  from  PI.  falciparum. 
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IMTTOOUCTION 

Cholera  toxfn  and  tht  destly  rtfated  haat-1ab11e  antarotoxin  of  £.  coif  are  eosDOsed  of  '“ve  cosies  of 
a  raeaptor  binding  8  subunit  (CTB  or  ITS)  and  ona  copy  of  an  A0P-flbosy1at1ng  k  subunit  (C’A  or  L'*). 
Gana  fusions  to  tha  non-toxic  liwunogenlc  CT8  or  ',.13  aay  parelt  their  usa  as  carriers  for  diverse 
foreign  apitopes.  Tha  use  of  CIS  or  LIB  Is  utora  attractive  by  the  fact  that  xhen  expressed  In  V, 
eholeraa  they  or  thair  fusion  products  are  excreted  to  the  cell  eedlun  from  vhera  they  can  be 
conveniently  purified. 

Fusions  to  the  A  subunits  eight,  on  the  other  hand,  yield  hybrids  uhlch  could  be  used  to  direct  t''e 
ACF-rlbosylatlng  activity  of  tha  protein  to  selected  targets  In  a  slel’ar  fashion  the  diphteria  toxir 
fusion  protalns(t).  Hera  va  report  on  fusions  of  the  STa  heat-stable  enterotoxln  of  E.  coll  to  the 
aalno  (flHZ)  and  carboxy  (COOH)  ends  of  CTB  and  on  t^e  fusion  of  human  1nterleuk1n-2  (11.2)  to  the  COCH 
and  of  LTA. 

MTEBtAlS  m  HETHCCS 

The  STa  gene  was  fused  to  the  HH2  end  of  CTB  as  synthet'c  oligonucleotides  comoat'b’e  xith  the 
single  SacI  and  Xaal  slew  In  p’asmid  oJS!52  (2).  'usion  of  these  ssme  oligonuc'eotldes  at  t^e  CGCH  end 
of  CTB  Kara  *ada  possible  by  ^“rst  Introducing  at  the  CTB  COOH  end  synthet''c  ol'gonueleotides 
containing  several  restr'!et''on  s'ites  including  SacI.  Xital  and  Soel.  For  purification  of  ti^e  ““yb-'d 
proteins  by  GHl  affinity  chromatography  the  reeomb'nart  plasmids  mare  trar.s'erred  to  V.  cholerae  .'S’559 
(2).  IL2  mas  fused  to  ITI  by  joining  the  sirg’e  SphI  site  at  the  sta^t  of  mature  IL2  to  t^a  s'rg'e 
EcoB!  at  tha  COOH  end  of  ITA  via  an  ad  hoc  synthetic  linker, 

RESULTS 

Gena  fusion  of  STa  at  the  NH2  end  of  CTB  gave  a  hybrid  with  all  15  aa  “n  STa  fo’loved  at  its  COOH  en.d  by 
Pro  and  Gly  (encoded  by  tha  linker)  and  Tyr  Ala  Mis  and  Gly  originating  'n  tha  truncated  dS  precu-so'. 
At  Its  NH2  and  STa  mas  prKeded  by  alan'na  (potential  cleavage  point  of  the  funcflonal  'eader  cept'de', 
Tha  fusion  of  STa  to  t''a  CTB  COOH  end  gave  a  fusion  protein  containing  all  103  aa  in  CTB  Gly  and  A’a 
preceding  tha  If  aa  ln  STa  and  at  tha  COOH  e'.d  a  Pro  Gly  and  Asn  tai’.  ^ha  presence  of  both  S'a-CTB 
(*(H2  fusion)  and  CTB-STa  (COOH  fusion)  aare  “nlt'ally  followed  by  GH’  ELISA  and  thair  hybrid  "ature 
'ully  confirmed  by  'mmunoblots  (Fig.  '),  Pree"*'nary  assays  of  the  pj-'^ied  S'a-CTB  and  CTB-STa  “n  the 
Infant  mouse  tKt  showed  them  to  Pear  about  1-21  of  the  expected  STa-assoc'ated  toxicity. 
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'fg.  ).  laaunoblot  milyiH  of  STi-CTi  md  CT8-STi.  Siap'M  ?uri#'id  hybrid  protein*  aert  itpertttd 
on  a  !5\  SOS  polyacrilat'd*  gal  md  I’Ktrotranifarrad  to  nitrxa'lulo*#.  Lana*  a-d  CT8-STa,  lane*  a 
and  f  STa-CT9,lana  g  a  rafaranca  dKioaptida-CfS  (D.Saap'a*  aara  aU^ar  boUtd  (lann  a.e  and  a)  or 
not  bollad  (lana*  b,d,f  and  g).  Lana*  a.b  and  g  "aiet'on  aith  antl-STa  line*  :-f  atth  antl-CTS.  a 
biotinylated  aolacular  Might  atandard  1*  *ho«n  (««). 

fualon  of  112  to  LT*  gave  a  hybrid  aith  IL2  Jo'nad  to  aa  23*  in  LT*  (tota’  Vgth  2<0  aa)(flg.  I).  for 
It*  datKtIon  the  LT*-IL2  hybrid  m*  tran*-eo««oi***nt*d  by  LT8.  Son<e  extract*  of  t.  toll  call* 
a*pra**1ng  LTa-IL2  and  LT8  Mra  than  atiayad  in  GK!  ELISA  walng  antl-liA  or  antl-lL2  antIbodiM. 

231  •  •  •  •  •  -1  ♦!  *2 

II#  Lau  Sar  hat  Hi*  tl*  Hi*  11*  fro 

A  ATT  CTA  TC6  AIO  CAT  GCC  CAT  SCO  CC^ 

fig  2.  fwlon  of  IL2  to  th#  LTA  earboxy  and.  A*  nyrbar'ng  co"a*oond*  to  poaltlon*  In  LTA(25I)  or  to 
the  leader  oeot1da-i«atura  r,.2  junction.  The  a*  denoted  by  aatariji*  are  tho*a  encoded  by  th#  lynthatle 
linker. 

Discussion 

The  ST*  toxin  1*  a  vary  poor  liwynogan  unlii*  coup'ad  to  a  c*r-i*r  protein.  Ha  have  daacribad  a  CT8 
‘‘ybrid  carrying  a  non-toxic  dKioapt'da  mi'ogou*  to  S^a  xlth  Lay  lufcJtUutlon*  on  It*  cy*t*in* 
raaldua*  (3).  Upon  'ibbit  Innun'tat'on*  tha  ant'jari  obtained  proved  jnab'a  to  n#yt*#l*:*  $Ta.  In 
efforts  tt  praoara  hybrid*  that  giv*  nautrallii-g  ant'bod'a*  m  have  no  fyjed  gnatically  th*  entire 
ST*  .nolacul*  to  CTB.  To  Incraa**  our  po*i'bil1ti#*  th*  ST*  ■**  jo'n*d  *t  both  th*  hhj  and  COOH  and*  of 
CT5  so  a*  to  have  fraaly  rotating  HHJ  *nd  COOH  st*  t*r«inl.  loth  th#  w?  *nd  CCOH  fut^on  hybrid*  Mr# 
lacratod  by  V.  cholera#  to  the  call  cultu'#  »#diu*  fro*  xhar#  thay  Mr#  purified.  Studif*  #r#  In 
progr#**  to  d*ter*in#  If  th#  hybr'd  prot#i»*  ar#  able  to  ga^arat#  good  neutr#lijl"g  antlbodlM. 

Th#  g#n#  fujion  of  IL2  to  LTA  provided  »lth  an  L’A-I'.J  hybrid  ehich  acparantly  aaaxiatn  aith  LT|  to 
g'v#  LTA-IL2/LT9  coaplaxa*  that  bind  to  GH1  in  ELISA.  Hith  t‘'a  currant  antibod'M  oo*lt1v#  yat  Mak 
signal*  have  bean  obsarved  'n  th‘*  t**t.  further  '»*unologic*l  ch#r#cteri;#tion  of  th#  hybnd  i*  in 
progr#**.  Expression  of  th#  LTA-IL2/LT9  coeplaxM  in  V.  c-ho’era#  i*  a’*o  plan#d  to  dateri*"#  if  they 
ar#  sac'atad  by  this  ho*t  *o  a*  to  imtiat#  their  purification  by  GHi  afUnity  chroaatography. 
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INTRODUCTION: 

ConventionalK  cpeciHc  cytotoxic  agents  have  been  produced  by  chemically  attaching 
antibodies  and  powih  factors  to  different  protein  toxins  to  selectively  kill  cells  bearing 
appropriate  antigen  or  receptors  (1,2).  These  molecules  arc  heterogenous  and  yields  are 
often  poor.  With  the  understanding  of  toxin  structure  and  the  availability  of  the  genes 
encoding  toxins  and  cell  recognition  molecules,  it  has  been  possible  to  produce  chimeric 
proteins  as  single  polypeptide  chains  by  gene  fusion  in  E.  coli  (3).  Here  we  describe 
expression  of  a  recombinant  single  chain  immunotoxin  which  consists  of  variable 
domains  of  an  antibody  to  the  Tac  peptide  of  the  human  IL2  receptor  attached  to  PE40  (a 
modified  form  of  PE  missing  the  binding  domain).  The  hybrid  protein,  anti-Tac(Fv)- 
PE40  was  toxic  to  cells  bearing  the  p55  subunit  of  human  IL2  receptor  without  affecting 
cells  devoid  of  the  human  p55  subunit. 


MATERIALS  AND  METHODS: 

A  plasmid  pVC70108  was  assembled  and  expressed  in  E,  coli  .strain  BL2lX(DF.3)  as 
described  earlier  (4).  Upon  IPTG  induction,  a  65  kd  protein  was  pnxluccd  as  insoluble 
aggregates  which  was  extracted  using  guanidine  MCI  denaturation  followed  by  rapid 
dilution  in  PBS  to  renature  the  protein.  Renatured  monomeric  protein  was  successively 
purified  on  Mono  Q  ion  exchange  and  TSK-2.5()  gel  filtration  columns.  The  cytoto.xic 
activity  of  the  purified  protein  was  tested  on  various  cell  lines  by  measuring  the 
incorporation  of  [*^MI-lcucinc  in  TCA  precipiiable  material. 

RESULTS  AND  DISCUSSION; 

Figure  1  shows  the  hybrid  protein  consisting  of  the  variable  domain  of  the  heavy  chain 
(VH)  joined  through  a  15  amino  acid  linker  to  the  amino  terminus  of  the  variable  domain 
of  the  light  chain  (  VL),  which  in  turn  is  joined  to  Pr'4()  amino  .acids  25.3-61 3  of  PE. 

As  shown  in  Table  I,  aniiTac(Fv)-PIi4t)  was  tested  on  various  cell  lines  with  and  without 
human  IL2  receptors.  The  hybrid  protein  was  very  cytotoxic  to  all  the  cell  lines  which 
had  the  p55  subunit  of  the  human  1L2  receptor  (low  affinity)  with  an  lD.50of  0.15  -  2.7 
ng/ml  depending  upon  the  ceil  line.  Due  to  the  specific  cytotoxic  activity,  this  hybrid 
protein  may  be  useful  in  eliminating  cells  which  express  large  numbers  of  the  p55  subunit 
of  human  IL2  receptor. 
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NH2  NH2 


FIGURE  1:  Diagramatic  Representation  of  Hybrid  Protein,  Anti-Tac(Fv)-PE40. 
Table  I:  Cytotoxicity  of  AntiTac(Fv)-PE40on  Various  Cell  Lines 


Cell  Lines 

IL2  Receptors  Per  Cell 

Low  Affinity  High  Affinity 

ID50  ng/mia 

HUT  102b 

(p55) 

94,000 

3,800 

0.15 

Crll.2b 

12,000 

350 

2.7 

MT-lb 

100,000 

<20 

0.51 

MLA  144b.c 

<20 

6,500d 

>1000 

CEMb 

<20 

<20 

>1000 

OVCAR3 

. 

>1000 

KB 

• 

>1000 

A431 

• 

- 

>1000 

HUT102,  Crn.2,  CEM  arc  human  leukemia  T  cell  lines.  OVCAR^  is  a  human  ovarian 
cancer  cell  line.  KB  and  A431  are  human  epidennoid  carcinoma  cell  lines. 

•*1050  is  the  concentration  of  hybrid  toxin  to  inhibit  protein  synthesis  by  50^  of  control 
where  no  toxin  is  added. 

^Ccll  lines  were  washed  once  with  serum-free  medium  before  adding  hybrid  protein. 
‘^MLA  144  -  a  gibbon  ape  cell  line,  carries  only  the  p75  subunit. 

‘^Number  of  the  p75  subunit. 
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Oral  Immunization  of  Mice  with  a  Recombinant  Yersinia 
enterocoiitica  0:9  Strain  Producing  the  Cholera  Toxin  B  Subunit 

M.-P.  Sory*  and  G.  Cornells 

*Unitd  de  Microbiologie.  University  Catholique  de  Louvain,  Av.  Hippocrate.  54  MBLG/5490 
B-1200  Brussels,  Belgium 


INTRODUCTION. 

The  enteropatho^en  Yersinia  enterocoiitica  of  sero^roup  9  causes  a  benign 
enteritis  in  husan  and  anisala.  ■  It  enters  its  host  via  the  oral  route 
and  has  a  tropiss  for  lymphoid  tissue.  A  70  kb  plasmid  contributes  to 
the  virulence  of  Y.  enterocoiitica.  At  37‘C  in  absence  of  Ca^*,  this 
plasmid  directs  the  synthesis  and  secretion  of  high  amounts  of  several 
proteins  called  Yops.  Strong  promoters  govern  the  expression  of  the  yop 
genes  and  a  transactivator  thermoregulates  their  transcription  (1). 
Since  these  Yop  proteins  are  produced  in  the  course  of  infection  and 
stimulate  the  immune  system,  we  assumed  that  insertion  of  foreign  genes 
downstream  from  yop  promoters  could  also  allow  the  production  of  the 
relevant  antigens  and  a  specific  immune  response.  In  this  work,  we 
investigated  the  potentiality  of  Y.  enterocoiitica  to  act  as  a  live  oral 
carrier  for  the  cholera  toxin  B  subunit  <CT-B). 


RESULTS. 

EXPRESSION  OP  CT-B  IN  Y.  ENTEROCOLITICA.  We  first  constructed  plasmid 
pMS41  by  inserting  the  ctxB  gene  behind  the  promoter  of  the  yop51  gene. 
This  plasmid  was  introduced  by  con,jugation  into  Y.  enterocoiitica 
W22703(pGC1256).  The  cholera  toxin  B  subunit  as  well  as  Yops  were 
produced  when  recombinant  bacteria  were  incubated  at  37  C  in  a  medium 
deprived  of  Ca^*.  However,  the  B  subunit  was  not  secreted  in  the  culture 
medium. 

In  a  second  type  of  constructions,  the  ctxB  gene  was  inserted  in  frame 
behind  the  yop51  gene.  When  the  recombinant  plasmid  pMS44  was  introduced 
in  Y.  enterocoiitica,  Yop51-B  subunit  hybrid  proteins  were  efficiently 
secreted  in  the  surrounding  medium  by  incubation  of  bacteria  in 
conditions  of  Yops  expression. 
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IMMUNIZATION  OF  MICE.  In  pYV  autant  pGC1256,  a  aini-Mu  diac  eleaent  is 
inserted  in  the  gene  yop25,  preventing  the  production  of  Yop25.  LDso  of 
the  strain  carrying  this  plasmid  is  at  least  20  fold  higher  than  that  of 
the  wild  type  parental  strain  (2).  This  autant  was  selected  as  the  host 
strain  for  vectors  pMS41  and  pMS44. 

BALB/c  aice  treated  with  desferrioxaaine  B  and  iron  dextran  were  orally 
inoculated  twice  with  about  5  10®  bacteria  of  strains  W22703(pGC1256)  and 
W22703( pGC1256 ) ( pMS41 ) .  Immunoblots  showed  that  antibodies  against  the 
cholera  toxin  B  subunit  were  present  in  sera  of  aice  inoculated  with  the 
strain  harboring  pMS41.  Only  the  polyaeric  fora  of  the  B  subunit  was 
detected. 

The  antibody  response  i  ;duced  by  strain  W22703(pGC1256)(pMS41)  was  also 
tested  in  C57BL/6  aice  inoculated  only  once  by  gastric  intubation  with 
about  1.5  10^®  bacteria.  Imaunoblot  analysis  of  the  sera  revealed  an 

antibody  response  against  the  polyaeric  fora  of  the  cholera  toxin  B 
subunit.  GMl-ELISA  sho  led  that  all  the  mice  inoculated  had  antibodies 
against  the  cholera  toxin  B  subunit. 

No  antibody  response  was  observed  after  oral  inoculation  of  aice  with 
recombinant  Y.  enterocol i t ica  producing  Yop5l-B  subunit  hybrid  proteins. 
This  can  result  from  the  inability  of  the  chimeric  protein  to  assemble 
into  the  polymeric  fora  of  the  cholera  toxin  B  subunit  or  from  the  fact 
that  the  Yop51  aoiety  of  the  hybrid  proteins  masks  the  epitopes  of  CT-B. 


CONCLUSION. 

Y.  enterocolitica  of  serogroup  9  has  a  low  natural  virulence.  However 
after  penetration  by  the  oral  route,  this  pathogen  has  the  ability  to 
invade  the  host  intestinal  tissue  and  to  stimulate  the  immune  system. 
Hence,  Y.  enterocolitica  can  be  converted  into  an  immunogenic  live 
carrier  for  delivery  of  various  protective  antigens. 

,ln  this  report,  we  show  that  a  Y.  enterocolitica  strain  producing  the 
cholera  toxin  B  subunit  from  a  yersinial  yop  promoter  is  able  to  elicit 
an  antibody  response  against  the  polymeric  form  of  this  antigen,  after 
one  oral  inoculation  to  mice. 
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A  Semi-Synthetic  Vaccine  Involving  CRM  197  as  Carrier  for  H. 
Influenzae  Type  B  Capsular  Oligosaccharides 

P.  Costantino,  A.  Giannozzi,  A.  Podda,  S.  Viti 
Sclavo  S.P.A.,  Siena,  Italy 


CRM  197  is  a  non  toxic  derivative  of  diphtheria  toxin  (DT). 
A  single  aminoacidic  substitution  in  the  position  52  (GLY- 
GLU) ,  results  in  the  loss  of  the  enzimatic  activity:  NAD:EF2 
ADP-ribosyl  transferase  (1).  Neverthless  CRM  197  shows  immu¬ 
nochemical  identity  with  DT  and  is  able  to  elicit  antitoxic 
antibodies  in  animal  models.  These  two  properties  make  CRM 
197  a  very  attractive  molecule  in  view  of  the  development  of 
a  new  antidiphtheria  vaccine.  Together  with  this  possibility 
we  wondered  whether  CRM  197  could  also  be  a  good  carrier  for 
carbohydrate  antigens  which  need  the  conjugation  to  immuno¬ 
genic  proteins  to  increase  their  potency  in  infants  (2).  To 
ask  these  questions  we  prepared  a  conjugate  (CRM-HIB)  bet¬ 
ween  CRM  197  and  small  oligosaccharides  derived  from  the 
capsular  polysaccharide  of  Haemophilus  influenzae  type  b  [- 
-•3)-D-Ribf-(l— *l)-ribitol-5“*  PO+J  ,  and  we  studied  its 
immun< genic  properties,  for  both  the  antigenic  moyeties,  in 
animals  and  in  human  beeings.  To  prepare  CRM-HIB  we  utili¬ 
zed  a  four  steps  method  involving:  1)  Hydrolysis  of  the  Hib 
polysaccharide  to  get  oligomers  of  about  4  repeats;  2) 
Introduction  of  a  primary  amino  group  on  the  end-reducing 
group  of  the  oligomers  by  reductive  amination  in  the  pre¬ 
sence  of  NaBH3  CN  and  NH4CI;  3)  Derivatization  of  the  amino 
groups  by  reaction  with  tlie  succinimido  diester  of  adipic 
acid;  4)  Coupling  to  CRM  197. 

The  resulting  product  contained  about  3  moles  of  oligosac¬ 
charide  per  mole  of  protein. 

The  immunological  properties  of  CRM-HIB  were  studied  first 
in  rabbits  (  an  animal  model  which  does ’not  respond  to  puri¬ 
fied  polysaccharides  ) .  The  conjugate  was  able  to  Induce 
specific  antibodies  toward  the  two  antigenic  moyeties  of 
the  molecule  with  a  clear  booster  effect  after  a  second 
administration. 

After  pharmacotoxycological  studies  which  shown  that  CRM-HIB 
is  acceptable  for  human  administration,  twelve  adult  volun¬ 
teers  were  vaccinated  with  a  single  dose  of  conjugate  con¬ 
taining  3  ug  of  oligosaccharide  linked  to  45  ug  of  CRM  197 
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adsorbed  on  1  mg  of  Al(OH)3.  Nine  of  the  vaccinated  had  a 
significative  increment  of  anti  Hib  and  antidiphtheria  toxin 
antibodies  (Fig.  1)  and  none  of  them  shown  adverse  reactions 
to  the  product. 
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Fig.  1.  Antibody  response  of  adult  humans  to  CRM-HIB 


These  results  indicated  the  possibility  of  using  glycoconju- 
gates  between  CRM  197  and  bacterial  capsular  oligosacchari¬ 
des  as  better  carbohydrate  vaccines  and  as  a  new  antidiph¬ 
theria  one. In  the  next  phase  II  clinical  trials,  variables 
such  as  the  substitution  degree  of  the  oligosaccharide  on 
the  protein,  the  length  of  the  carbohydrate  oligomers  and 
the  booster  effect,  after  a  second  administration,  will  be 
studied  on  children. 
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Synthetic  Pertussis  Toxin  Peptides  in  Mice  and  Guinea  Pigs 
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INTRODUCTION 

Future  developments  of  vaccines  against  whooping  cough  may  include  syn¬ 
thetic  peptides  resembling  immunogenic  epitopes  of  some  major  Bordetella 
pertussis  protective  antigens  (1,3). 

Regarding  protective  antigens  pertussistoxin  (Ptx)  has  been  recognized 
to  play  a  central  role.  The  Sl-subunit  of  Ptx  carry  the  enzymatic  active 
parts  of  the  molecule  and  by  the  aid  of  monoclonal  antibodies,  it  was 
assumed  that  the  SI  carry  also  protective  epitopes  (4).  SI  was  therefore 
subject  for  analysis  via  two  synthetic  peptides. 


MATERIALS  AND  METHODS 

Two  peptides  were  synthesized  on  account  of  hydrophi llcity-plotting  of 
the  aminoacid  sequence  og  Ptx-Sl-subunit  (Fig.l)  (2).  Theue  peptides 
were  coupled  to  a  carrier,  tuberculin  purified  protein  derivative  (PPD), 
at  the  N-terminal  end  (L-SMCC  and  K-SMCC)  or  in  an  unoriented  manner 
(L-glut  and  K-glut).  Mice  and  guinea  pigs  were  immunized  four  times, 
over  a  period  of  14  to  16  weeks,  using  these  peptides.  Seven  to  fourteen 
days  after  each  immunization  the  animals  were  bled  and  the  sera  were 
tested  for  antibodies  against  individual  peptide-conjugates  in  ELISA. 


DSRPPEDV 

Peptide 

K 

VYRYDSRPPEDV 

Peptide 

L 

Fig.l  Aminoacid-sequence  of  the  synthetic  Ptx-peptides. 
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RESULTS  AND  CONCLUSIONS 

All  combinations  of  peptide  were  found  to  be  immunogenic  and  cross- 
reacting  antibodies  were  developed  in  varying  amounts  depending  on  the 
peptide-couple  and  on  the  animal  source- 

Peptide  L  coupled  to  a  carrier  (PPD)  in  an  oriented  manner  elicited  more 
antibodies  reactive  to  the  intact  pertussis  toxin  than  any  of  the  other 
antigen  preparations. 

This  applied  both  in  mice  and  guinea  pigs,  allthough  the  mice  apparently 
are  better  responders  to  both  the  coupled  peptide  and  to  the  carrier 
itself  (Fig. 2). 

Taking  this  into  consideration  other  peptides  will  be  and  have  been 
synthesized  and  administered  in  mice  in  future.  Th  new  peptides  will  be 
chosen  in  the  light  of  hydrophlilicity-plots  and  especially 
surface-plots. 


Fig. 2  Sera  in  mice  (A)  and  guinea  pigs(B)  immunized  with  peptide  L-SMCC. 
Reactions  to  L-glut  ( O ) ,  K-glut  ( *  ) ,  L-SMCC  ( * ) ,  K-SMCC  ( A ) , 
PPD  (•)  and  intact  Ptx  (☆). 

(  f )  =  Immunization,  (  f )  =  bleeding. 
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INTRODUCTION 

The  main  purpose  of  this  investigation  is  to  formulate/produce  a  non-to¬ 
xic  pertussis  vaccine  consisting  of  one  or  more  synthetic  peptides  imi¬ 
tating  the  major  protective  epitopes  of  Bordetelin  pertussis  antigens. 

MATERIALS  AND  METHODS 

Monoclonal  antibodies  (Mabs)  against  PT-subunits  S2,  S3  and  S4  were  pro¬ 
duced  by  immunization  of  BALB-C  mice  with  PT  (3).  Mabs  against  SI  and  S5 
were  raised  by  immunization  with  SI  and  S5,  respectively.  The  subunit 
specificities  of  the  Mabs  were  determined  by  Western  blotting  and  ELISA 
(3)  using  purified  SI,  S2,  S4,  S5  subunits  and  S3+S4,  S2+S4  dimers,  PT 
and  the  B-oligomer. 

Inhibition  of  PT-induced  biological  effects  in  hemagglutination  (HA), 
lymphocytosis  promoting  (LP)  activity,  histamine  sensitization  (HS), 
Chinese  Hamster  Ovary  (CHO)  cell  clustering  and  intra-cerebrally  (IC) 
challenge  assays  was  tested  as  described  previously  (3).  The  intra-nasal 
(IN)  challenge  test  was  performed  by  the  method  of  Sato  et  al  (2). 


RESULTS 

Immunization  of  mice  with  purified  PT  resulted  in  the  production  of 
twelve  Mabs  with  different  specificity  for  the  S2,  S3  and  S4  subunits 
and  three  Mabs  (21.2,  21.3  D12  and  22.2)  which  recognized  intact  PT 
only.  Mabs  18.3,  20.6,  47.2  and  47.4  reacted  with  both  S3  and-  S4;  Mab 
22.4  G2  with  S2;  Mabs  20.5,  22.4  G7,  47.3  C4,  47.3  G3,  21.3  DO  and  21.3 
Dll  recognized  S2  and  in  part  S3  whereas  47.1  reacted  with  S3  only.  Five 
anti-S5  Mabs  were  produced  out  of  which  only  three  reacted  with  S5  in 
Western  blotting.  Nine  anti-Sl  Mabs  were  produced  which  all  reacted  with 
SI  in  Western  blotting. 

The  PT-neutralizlng  properties  of  the  Mabs  with  specificity  for  the 
B-oligomer  were  studied.  None  of  the  the  S5-specific  Mabs  showed  any 
PT-neutralizing  effect.  Moreover,  seven  of  the  twelve  S2,  S3  and/or 
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S4-specific  Mabs  were  inable  to  neutralize  PT  in  any  of  the  assays  used, 
whereas  20.6  and  21.3  D12  showed  a  high  level  of  PT  neutralizing-activi¬ 
ty  in  the  LP,  HS,  CHO,  IC  challenge  and  IN  challenge  tests  (-  75%).  Mab 
47.4  effectively  inhibited  LP,  and  CHO  cell  clustering  activity  (-  75%) 
and  to  a  lower  degree  influenced  HS  activity  and  IC  challenge  assays 
(25-50%).  In  addition  to  some  inhibition  of  LP-activity  and  CHO  cell 
clustering  (50-75%)  Mabs  21.3  D9  and  21.3  Dll  revealed  a  strong  inhibi¬ 
tion  of  deaths  after  IN-challenge  (-  75%)  and  inhibition  of  HA  activity 
(50-^75%).  Mab  47.1  showed  a  weak  Inhibition  of  HS-activity  (25-50%)  and 
in  resemblance  to  47.2  some  inhibitory  effect  on  LP-activity  and 
CHO-cell  clustering  (50--75%). 


DISCUSSION 

The  specificity  of  a  panel  of  Mabs  against  PT  has  been  studied  by  means 
of  ELISA  and  Western  blotting.  The  results  indicate  that  mice  immunized 
with  native  PT  gave  rise  to  three  Mabs  that  reacted  with  intact  PT  only 
and  that  the  remaining  twelve  Mabs  recognized  either  S2,  S2+S3,  S3  or 
S3+S4.  The  reasons  for  the  lack  of  SI  and  S5  specific  Mabs  derived  from 
these  fusions  are  not  obvious  but  may  suggest  that  these  subunits  are 
not  immunodominant  in  mice. 

Several  Mabs  showed  specificity  for  more  than  one  subunit.  It  is  not 
obvious  why  some  Mabs  have  specificity  for  S3  and  S4  as  no  homology  in 
amino-acid  sequences  between  these  subunits  has  been  described.  In 
contrast,  the  cross-rcactivity  between  S2  and  S3  is  more  comprehensible 
as  these  two  show  about  70%  homology. 

By  comparif'  the  subunit  specificities  and  the  PT-neutralizing  effect  of 
the  Mabs  it  is  possible  to  get  an  indication  of  the  importance  of  the 
subunits  in  search  of  protective  epitopes.  The  most  interesting  Mabs  are 
20.6,  21.3  D12,  47.4  and  to  a  certain  extent  47.2  because  of  their 
marked  PT-neutralizing  abilities.  So  far,  it  is  impossible  to  get  any 
detailed  information  about  the  fine  subunit  specificity  of  21.3  D12 
because  of  its  reactivity  with  intact  PT  only.  Apparently,  the  presence 
of  SI  is  of  importance  as  this  Mab  not  even  react  with  the  B-oligomer. 
The  three  other  Mabs,  however,  recognized  S3  and  S4. 

From  these  data  we  made  the  assumption  that  S4  in  particular  might 
possess  epitopes  of  biological  importance  and  decided  to  try  to  localize 
these  epitopes.  Six  epitopes  -  based  on  amino-acid  sequences  showing 
high  levels  of  hydrophilicity,  accessibility  and  flexibility  (1)  -  were 
selected  and  peptides  copying  these  sequences  are  presently  being  syn¬ 
thesized.  In  the  near  future  these  peptides  will  be  studied  further  in 
animal  models  as  candidates  for  a  new,  synthetic  pertussis  vaccine. 
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Mutant  Strains  Producing  Pertussis  Toxin  CRMS 

H.  Sato  and  Y.  Sato 

National  Institute  of  Health,  Tokyo,  Japan 


INTRODUCTION 

Pertussis  toxin  (PT)  is  a  major  virulence  factor  of  B.  pertussis  and  is  one 
of  the  main  protective  antigens  in  vaccines  against  whooping  cough.  Each 
subunit  either  separated  from  PT  or  produced  by  recombinant  techniques  in 
E.  coli,  however,  showed  little  protective  immunogenicity  in  mice  in  both 
active  and  passive  immune  systems  although  monoclonal  antibodies  against 
SI,  S2  or  S3  protected  mice  in  both  ic  and  aerosol  or  in  aerosol  challenge 
systems  (1,  2,  3  and  unpublished  data).  These  facts  led  us  to  a  fundamental 
study  on  the  mechanisms  of  production  and  antigenicity  of  PT  composed  of 
oligomeric  subunits.  For  this  purpose,  we  isolated  and  characterized  mutant 
strains  producing  PT  CRMs  from  B.  pertussis,  strain  Tohama,  phase  I  by  NTG 
treatment. 


RESULTS  AND  DISCUSSION 

Strains  producing  higher  PT  tend  to  show  higher  ic  virulence  although  it  is 
not  necessarily  parallel  to  the  amount  of  active  PT  in  the  culture  super¬ 
natant.  No  correlation  between  other  factors  and  the  virulence  was  found  as 
shown  in  Table  1.  Table  2  shows  the  antigenic  or  toxic  properties  of  PT  or 
PT  CRMs  produced  by  the  mutant  strains:  antigenic  PT  calculated  from  its 
binding  activity  to  MAbs  against  different  subunits  (A)  and  construction  of 
active  FT  by  addition  of  SI  (A  protomer)  to  the  culture  supernatants  (B). 
Most  CRMs  were  less  reactive  to  anti-Sl,  1B7,  and  much  more  reactive  to 
anti-S4,  1H2,  which  had  more  reactivity  with  the  dissociated  S4  than  with 
native  PT.  Each  mutant  showed  specific  binding  against  many  distinct  MAbs 
which  recognized  various  primary  and/or  tertiary  structures  of  PT  (data  not 
shown).  The  results  suggested  that  the  mutants  must  produce  CRMs  in  diverse 
forms  with  different  antigenicity.  When  CRMs  produced  by  69D,  74E  or  79G 
were  mixed  with  purified  A  protomer,  the  activity  assayed  by  clustering  of 
CHO-cells  increased  significantly  (Table  2B),  but  not  when  mixed  with  B 
oligomer  (not  shown).  These  CRMs  may  be  composed  of  defective  SI  and  almost 
native  S2,  S3,  S4  and  S5  proteins.  CRM  of  35C  was  activated  with  neither  A 
protomer  nor  B  oligomer.  Molecular  sizes  of  PT  CRMs  were  analyzed  by 
sucrose  density  gradient  centrifugation.  The  sizes  of  the  CRMs  were  in  the 
range  of  10-Kd  to  200-Kd,  which  must  be  composed  of  mixtures  of  various 
combinations  of  subunits,  but  the  biological  activity  of  PT  was  detected  at 
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the  same  molecular  size  as  native  PT,  The  majority  of  the  OIM  could  be 
released  into  culture  medium  or  be  accumulated  in  the  cell  without 
completion  of  assembly  of  subunits  to  form  the  hexamer  in  PT-form.  Rise 
sequence  analysis  of  the  SI  gene  of  7‘XI  showed  th.it  one  point  mutation 
occurred  from  G  to  A  at  the  730th  base  from  the  Eco  RI  site  of  the  IT  gene. 
Replacement  of  Cys-41  with  Tyr-41  must  have  resulted  from  this  mutation. 
This  mutation  was  confirmed  by  disappearance  of  the  digestion  site  with  Bgl 
I  in  the  PT  gene  of  79G.  The  other  mutants  had  no  such  mutation  as  79G. 


Table  1.  Production  of  pathogenic  factors  and  virulence  of  the  mutant 
strains  derived  from  B.  pertussis  strain  Tohama  phase  I. 


Strain  Sero 

PT 

FHA 

ACase 

Virulence 

type 

(ng/ml) 

(ug/ml ) 

(nmol/ffll ) 

LD>jq/ mouse 

SUD 

Cell 

Luo 

Sup  Cell 

CHO 

ELISA  CHO  ELISA 

HA  ELISA 

cA-MP 

Ic 

Tohama 

124 

3,000 

2,500 

300 

260 

27 

32 

1.36 

35.71 

6. 3x10^ 

1911 

124 

3,000 

2,600 

170 

320 

1 

0.3 

ND 

ND 

l.OxlO; 

13G 

1 

2,280 

3,000 

67 

150 

1 

0.04 

2.50 

2.86 

>2.5xl0; 

35C 

124 

80 

150 

6 

65 

0.3 

0.8 

5.18 

4.64 

>2.5x10' 

69D 

124 

3 

950 

<4 

800 

15 

32 

ND 

ND 

>2.5xlO; 

74E 

124 

<0.2 

340 

<0.2 

230 

27 

43 

0.78 

21.43 

3.5x10” 

79G 

124 

<0.2 

300 

<0.2 

230 

18 

28 

1.69 

35.71 

>2.5xl0; 

34B 

124 

<0.2 

<2 

<0.2 

<8 

1.7 

24 

SD 

ND 

>2.5x10' 

Table 

2.  PT  antigens 
active 

detected  by  anti-PT  ELISA  (A) 
PT  by  addition  of  isolated  SI 

and  construction  of 
(B) 

Strain 

A 

PT  in 

:  (anti-PT-ELISA) 
culture  sup  (ng/ml) 

B  (CHO-cell  cluster) 
Active  PT  (nc/ml) 

PT 

._..(M6) 

SI 

(1B7) 

S2 

(9G8) 

S3 

(7E10) 

S23 

(11E6) 

S4 

(1H2) 

No  SI 

With  SI 

Tohama 

1,500 

1,300 

1,4C0 

1,300 

1,100 

1,500 

ND 

ND 

19H 

2,600 

1,600 

1,600 

2,100 

l.“00 

1,600 

ND 

ND 

13G 

3,000 

2,700 

2,600 

2.700 

2,600 

1,700 

ND 

ND 

35C 

170 

29 

3 

120 

61 

460 

150 

100 

69D 

950 

48 

340 

1,100 

360 

7,800 

1,7 

27 

74E 

340 

44 

72 

220 

130 

1,300 

<0.2 

27 

79G 

300 

13 

62 

220 

130 

1,500 

<0.2 

27 

34B 

<2 

<2 

<2 

<2 

<2 

<2 

0.3 

0.3 
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If.THCuUCTION 

Cellular  immuntty  against  B.  pertussis  and  T  mil  innun®  r".spi->nsi's 
against  pertussis  toxin  (Ptx)  is  gr.adually  nr.ning  into  focus  and  ha.s 
drawn  more  attention  in  recent  years.  The  aim  of  tpe  present  study  h.sa 
been  to  investigate  in  humans  t'-.,  in  vitro  prol  i  fer.at  j  ve  respionse  rif 
lymphocytes  to  Ptx  and  its  subunits.  I.ymphory t^s  isolated  from  periplii'- 
ral  blood  from  pertussis  vari-in.ated  adult  hum.ari  donors  have  b“en 
studied. 


MATERIALS  AND  METHODS 

Four  adult  human  volunteers  berane  inmuniTierj  by  vaccination;  two  persons 
received  the  tradi  tion.al  danish  whote-oeii  r.er’ussis  varrine  I'w-V',  arv! 
two  the  Japanese  experinent.al  component  pertussis  vacrin-.'  (C-V)  ,iNIH 
containing  detoxified  Ptx  and  filamentous  haem.agg  bit  i  r.  i  n .  Xwn  non-immu- 
nized  donors  were  u.sed  as  controls.  Lymphocytes  were  isolate.j  from  per",- 
pheral  venous  blood  ?  times  before  and  a  total  of  8  times  .it-  different 
days  following  the  vaccination.  The  lymphocyte^  were  stimulate,)  in  vitro 
with  Ptx  and  the  isolated  Ptx  subunits  SI,  S?-Sd,  S  1-S<1  and  S8.  Th"  lym¬ 
phocyte  proliferative  response  was  measured  by  incorporation  of  tri tin¬ 
ted  thymidine.  Sera  collected  ,at  i-he  time  of  the  lymphocyte  isolation, 
were  furthermore  analysed  for  antibodies  ag.ainst  these  antigens  using  an 
ELISA  method. 


RESULTS 

Ptx  induced  a  proliferative  response  of  lym.phory tee,  from  all  six  donors, 
and  antibodies  against  Ptx  were  detoetor)  )n  sera  from  th"  four  vaccina¬ 
ted  donors.  The  subunits  SI,  S?-S4,  S3-Sd  and  Stj  induced  a  proliferative 
response  of  lymphocytes  from  the  two  C-V  vaccinated  donors,  and  from  one 
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of  the  W-V  vaccinated  donors.  Antibody  titers  against  subunit  S2-S4  and 
S3-S4  rose  to  high  levels,  esperially  in  sera  from  the  C-V  vaccinated 
donors,  and  these  donors  also  had  the  highest  antibody  titer  against 
subunit  SI.  The  antibody  response  against  subunit  S5  was  very  weak,  com¬ 
pared  to  the  response  against  the  other  subunits. 


DISCUSSION 

The  proliferative  response  of  lymphocytes  from  both  vaccinated  and  non 
vaccinated  donors  to  stimulation  with  the  intact  Ptx  is  not  surprising, 
since  Ptx  is  known  as  a  potent  mitogen  for  T-cells  (2).  The  subunits  SI, 

52- S4,  S3-S4  and  S5  were  found  all  to  be  able  to  stimulate  an  in  vitro 
proliferative  response  of  lymphocytes  from  the  two  C-V  vaccinated  donors 
and  one  of  the  W-V  vaccinated  donors.  This  means  that  1)  pertussis  vac¬ 
cination  induces  a  specific  polyclonal  T-cell  response  to  Ptx  and  that 
2)  the  monomeric  subunits  SI  and  S5  and  the  dimeric  subunits  S2-S4  and 

53- S4  contain  T-cell  epitope's,  as  also  suggested  by  others  (1,3).  The 
lack  of  an  in  vitro  proliferative  response  of  one  of  the  W-V  vaccinated 
donors,  can  be  explained  by  a  generally  low  in  vitro  lymphocyte  proli¬ 
ferative  response  of  this  donor,  as  revealed  by  stimulation  by  other  mi¬ 
togens  and  antigens.  The  component  vaccine  as  well  as  the  whole-cell 
vaccine  induced  an  antibody  response  against  subunit  SI,  S2-S4  and  S3-54 
in  all  four  donors.  The  timra  w»re  highest  in  the  sera  from  C-V  vacci¬ 
nated  donors,  which  may  be  due  to  the  higher  quantity  of  Ptx  in  the  com¬ 
ponent  vaccine,  as  compared  to  the  whole-cell  vaccine.  The  antibody  re¬ 
sponse  to  subunit  S5  was  weak,  compared  to  the  other  subunits,  whereas 
the  in  vitro  lymphocyte  proliferative  response  to  subunit  S5  equ.aled  the 
proliferative  response  to  t^e  other  subunits.  This  can  probably  be  ex¬ 
plained  by  the  hidden  position  of  th"  S5  subunit  in  ‘he  theoretic  three 
dimensional  structure  of  Ptx.  wher"  few  or  none  of  the  S5  subunit  B-cell 
epitopes  can  be  experted  to  be  accesRible,  when  Ptx  Is  processed  and  ex¬ 
posed  on  an  antigen  presenting  cell  tpe  35  subunit  can  be  expected  to  be 
uncovered  and  presente<i  to  specific  T-ceiis. 

In  conclusion  the  results  of  this  study  shows  that  pertussis  vaccination 
activates  a  polyclonal  T-cell  response  against  several  T-cell  epitopes 
on  various  subunits  of  Ptx.  This  may  have  impor*’ant  implications  for  the 
design  of  a  synthetic  vacejne  against  pertussis. 
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Import  into  K562  ceils  of  anti>tetanustoxin  F  (ah')  2  conjugated  to 
transferrin  with  homobifunctional  maleimide  linkers 
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We  have  shown  previously  (Erdmann  et  al.  1981)  that  Intrathecally 
injected  anti-tetanus  F(ab')2  fragments  intercepted  tetanus  toxin  in 
the  extracellular  space  between  neurons  but  were  not  taken  up  into 
nerve  cells.  As  a  consequence,  Intrathecally  injected  F(ab’)2 
prevented  the  development  of  tetanus  symptoms  but  did  not  reverse 
existing  symptoms.  In  an  attempt  to  import  F(ab')2  fragments  into 
neurons  we  linked  them  to  helper  molecules  for  which  a  carrier 
system  in  the  neuronal  plasma  membrane  is  known.  Here  we  show  that 
1251-Flab' )2  linked  to  transferrin  with  either  the  acid-stable 
bis-maleimidohexane  (BMH)  or  the  acid-labile  bis-(malelmidoethoxy)- 
propane  (BMEP,  Srinivasachar  and  Neville  1989)  is  translocated  into 
K562  erythroleukemia  cells.  More  radioactivity  was  found  in  the 
cells  incubated  with  the  BMEP  conjugate  than  in  those  incubated  with 
the  BMH  conjugate.  The  uptake  could  be  prevented  both  with  excess 
diferric  transferrin  and  with  a  combination  of  inhibitors  (NaN3, 
KCN,  desoxy-D-glucose ) .  The  intracellular  degradation  of  the  BMH 
conjugate  remained  small,  the  intracellular  hydrolysis  of  the  BMEP 
conjugate  was  considerable.  The  cells  released  more  than  501;  of  both 
the  BMEP  and  the  BMH  intact  conjugate  within  30  min,  probably 
through  the  transferrin  pathway.  However,  the  radioactive  species 
formed  by  degradation  of  the  BMEP  conjugate  were  retained  by  the 
cells . 

The  F( ab' ) 2-BMH-transferrln  conjugate  may  be  used  to  bind  mobile 
antigen  inside  the  cells,  and  a  fast  elimination  of  the  complex 
antigen&F{ ab ' ) 2-BMH-transferrin  could  occur.  F{ab')2  freed  by 
intracellular  hydrolysis  of  the  BMEP  conjugate  could  reach 
additional  ceil  compart.-nents  and  may  neutralize  mobile  and  sessile 
antigens . 
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Systematic  and  Applied  Microbiology  (formerly 
-  up  to  Vol.  3, 1982  -  ■Zentralblatt  f(jr  Bakterio¬ 
logie  und  Hygiene,  I.  Abt  Originale,  Serie  O 
was  started  in  1980.  Molecular  approaches  to 
the  systematics  and  phylogeny  of  microorgan¬ 
isms  and  analyses  of  microbial  populations  tf 
natural  and  man-made  habitats  -  including 
fermented  food  -  have  been  main  subjects  of 
this  journal  from  its  inception. 

The  majority  of  papers  having  found  their  way 
into  this  journal  have  dealt  with  the  new 
description  or  emendations  of  bacterial  taxa, 
and  with  the  taxonomical  and  phylogenetical 
implicatic  'S  of  nucleic  acid  hybridization  and 
sequence  ..  ta.  Because  of  the  systematically 
and  phylogenetically  important  spin-off  from 
the  archaebacteria  concept,  the  journal  has 
published  the  papers  presented  at  the  two 
workshops  on  Archaebacteria  (1981  and  1985) 
and  at  the  "EMBO  Workshop  on  Molecular 
Genetics  of  Archaebacteria”  (1985)  in  Volumes 
J  and  /,  respectively,  thus  supplying  the  reader 


with  the  most  comprehensive  collecbon  of 
current  papers  respective  of  this  rapidly 
developing  research  area. 

Aims  and  scope  of  the  journal: 

1.  Systematics:  e.g  new  descriptions  and  revi¬ 
sions  of  taxa;  methods  for  the  determination 
of  taxonomical  and  genealogical  relation¬ 
ships. 

2.  Physiology  and  biochemistry:  comparative 
studies  of  fine  structure,  metabolism,  chemi¬ 
cal  composition,  etc.,  particularly  concerning 
the  classification  or  phylogenetic  assignment 
of  the  considered  organisms,  their  way  of  life 
and  role  in  the  natural  material  budget  and 
their  importance  for  agriculture  as  well  as  for 
food  processing  and  biotechnology. 

3.  Applied  microbiology:  all  aspects  of  agricul¬ 
tural.  industrial,  food  and  sewage  microbiol¬ 
ogy,  inasmuch  as  the  main  emphasis  con¬ 
cerns  the  role  or  characteristics  of  the 
microorganisms. 

4.  Ecology:  all  aspects  of  soil,  water  and  air 
microbiology  including  the  analysis  of  popu¬ 
lations  present  in  natural  and  man-made 
habitats,  their  role  in  the  material  cycle  and 
the  effect  of  human  activity  upon  them. 
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